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Abstract 
 
In this thesis, the author developed and investigated nanostructured materials based 
conductometric and optical devices for gas sensing applications. The nanostructured material 
synthesis, device fabrication and their gas sensing performance have been undertaken. The 
conductometric structures are based on quartz and SiO2/Si substrates. The optical based 
sensors were based on quartz substrates. A variety of nanostructured materials were 
investigated as gas sensing elements, these are: ZnO nanowires, 1D ZnO nanorods, ZnO 
nanoflowers, nanosheets and nanopyramids, In2O3 nanoparticles, WO3 nanorods, 
nanoplatelets, and nanoporous, gold (Au) activated WO3, MoO3 nanoplates, and Cu2O and 
CuO nanograins. The developed nanostructured materials based sensors have high surface to 
volume ratio and achieved high sensitivity towards different gas species.  
 
SILAR and FCVA deposited ZnO seed layers were subsequently followed by thermal 
decomposition technique to synthesize ZnO nanowires and 1D ZnO nanorods respectively. 
ZnO nanoflowers and nanosheets weres synthesized using the hydrothermal method. 
Meanwhile, ZnO nanopyramids were synthesized employing the non-aqueous solvothermal 
method. In2O3 nanoparticles were synthesized using the same solvothermal method which 
employed the aminolysis reaction. WO3 nanocrystallines and nanorods as well as Cu2O and 
CuO nanograins were deposited via radio frequency (RF) sputtering and the WO3 
nanoplatelets and nanoporous were synthesized through the acid etching of RF sputtered W 
metal layers. MoO3 nanoplates were deposited via the use of pulsed laser deposition (PLD) 
technique. All of the nanostructured materials synthesized by the author have at least one 
lateral dimension less than 100 nm. Micro-nanostructural characterization techniques were 
employed to extract important information of gas sensitive films such as their structural 
morphology, surface topography, and material orientation. This information was required to 
 vii 
understand the properties of nanostructured materials and link its properties to their gas 
sensing characteristics. 
 
Structural characterization techniques such as scanning electron microscopy (SEM), 
transmission electron microscopy (TEM) and X-ray diffraction spectroscopy (XRD) revealed 
that the developed ZnO nanowires and 1D ZnO nanorods thin films have 1 dimensional 
nanostructures. The gas sensing results revealed that the ZnO nanowires and 1D ZnO 
nanorods based sensors are sensitive towards C2H5OH, ZnO nanopyramids towards both 
C2H5OH and NO2 at different optimized operating temperatures, ZnO nanoflowers and 
nanosheets towards NO2. The developed sensors have lower optimum operating temperature 
and higher sensor response sensitivity than conventional polycrystalline ZnO based gas 
sensors. The particle or grain size of a conventional polycrystalline zinc oxide gas sensor is 
considerably greater than the depth of the surface space charge region, thus, electrical 
conduction is controlled by the grain boundaries. However, as synthesized 1D ZnO nanorods 
and nanowires have greatly reduced dimensions (ZnO nanorods: average diameters 40 nm, 
ZnO nanowires: average diameter 20 nm) which are comparable to the depletion layer depth. 
Thus, oxygen adsorption to the nanorods and nanowires has led to an almost complete 
depletion of conduction-band electrons with a large variation in resistance. 
 
Micro-nano characterisation results revealed that acid etched prepared WO3 film contains 
several morphological structures corresponding to different acid used. The vapour sensing 
results revealed that nanostructured WO3 based thin films have increased the sensor response 
towards C2H5OH by 5 fold if compared to regular RF sputtered WO3. The developed sensors 
showed good stability and repeatability towards C2H5OH at optimized operating temperature. 
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On the other hand, additional usage of Au nanoparticles onto WO3 thin films as optical sensor 
showed favourable response towards H2 of low concentrations.  
 
The author also extended his research to successfully develop several other metal oxide based 
sensors including In2O3, MoO3, Cu2O and CuO based thin films. These gas sensing 
performance of the investigated nanostructured materials onto conductometric and optical 
transducers provide a way for further in-depth investigation for future commercialization of 
these types of sensors. 
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Introduction 
 
 
This chapter briefly outlines the research carried out during his PhD candidature. These 
include the research motivations, objectives, the achievements as well as the thesis 
organisation. 
 
1.1. Motivations 
 
In the past few decades, there has been tremendous amount of research on the development of 
gas and vapour sensors. This research was conducted on the basis of growing demand over 
issues concerning global warming, pollution, as well as health and safety, among many others. 
This includes applications in mining, agriculture, industry, automobile and environment to 
monitor process gases and pollutants for control of production process and quality control [1-
3]. 
 
The World Health Organization (WHO) has provided air quality guidelines which represent 
the most widely agreed and up-to-date assessment of health effects of air pollution, 
recommending targets for air quality at which the health risks are significantly reduced. This 
guideline includes toxic gases where NO2 is among the given list [4].  
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In relation to MARDI, gas sensing technology can help to further crystallize the challenges 
that are known to be part of the main problems arising from agro-related issues. Such issues 
are the detection of VOCs as well as other gases such as N2O and methane. Therefore, the 
quantification of the target gases and vapours related to agriculture can be further addressed 
employing the 3S (sensitivity, selectivity, stability) factors. These factors will be possible 
towards reducing the redundancies and further narrow the gaps of the many gas/vapours 
related problems in agriculture.  
 
As a consequence, it is necessary to develop novel sensors fulfilling these industrial needs and 
tailor their performance to achieve higher response and faster sensitivity as well as highly 
selectivity, stability and reproducibility compared to already developed sensors [5-7]. Recent 
advancement in nanotechnology has enabled gas sensing technology to reach a new stage in 
responsiveness, sensitivity, stability and reproducibility. These enhanced sensor performances 
demonstrate that materials employing nanotechnology, also known as nanostructured 
materials, have unique and excellent electrical, magnetic, optical, and mechanical properties 
compared to their bulk counterparts [8, 9]. These observations are mainly related to their 
higher surface-to-volume ratios that are achieved through controlled surface morphology [9]. 
Following these achievements, interests in the development and synthesis of new 
nanostructured materials for use in gases/vapour sensing applications have grown 
tremendously [7, 10]. 
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1.1.1. Nanotechnology Enabled Gas Sensors 
 
Incorporation of nanotechnology in the advancement of sensor development includes 
designing, fabricating, and synthesizing nanostructured materials. Nanostructured materials 
are best known to be in the dimension scale less than 100 nm [9, 11, 12]. Within this range, 
unique and substantially different properties from those observed in bulk materials are 
observed [9, 11]. For example, many have reported that the time required for analytes to 
diffuse into or out of the volume is decrease in nanostructured thin films [8]. As a result, there 
is an improvement in the time required for a sensor to trigger an alarm e.g. preventing any 
potential disaster could be achieved. Such inclusion of nanotechnology enables sensors to be 
more sensitive and reliable than the conventional sensor devices [13, 14]. 
 
Nanotechnology has made a significant impact on sensor technology by reducing size, power 
consumption, and increasing sensors’ performance for a wide range of applications [11, 15]. 
Furthermore, combining the enhancement of materials performance through nanostructuring 
with the improvement of nanoscale fabrication techniques has made this a highly favourable 
and attractive field for the development of nanotechnology enabled sensors [11]. As a result, 
nanotechnology has the potential to develop sensors with a single molecule or atom which 
will enhance the sensors’ performances in comparison with the conventional material thin 
film based devices [16]. Thus, enhancement of the sensing performance can be obtained by 
engineering the nanoscale structural and morphological properties of these materials.  
 
This work investigated the gas sensing applications of various nanostructured semiconducting 
metal-oxide thin films at different operating temperatures. These nanostuctured materials 
were deposited as gas sensing layers on conductometric and optical based transducers. PhD 
theses previously written by Sadek [17] and Yaacob [18] have shown that conductometric and 
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optical sensors based on semiconducting metal-oxide thin films are promising candidates for 
gas sensing applications at elevated temperatures. Nanostructured forms of semiconducting 
metal-oxide thin films have the potential to further enhance the gas and vapour sensing 
performance of the conductometric and optical based sensors. 
 
To develop the nanostructured thin film conductometric (Figure 1.1) and optical based sensors, 
quartz (SiO2) and silicon (Si) were chosen as substrates. Based on a review of the current 
literature available on conductometric and optical based gas sensors, several nanostructured 
materials with different morphologies were investigated. These include different n-type metal 
oxide semiconducting materials: ZnO nanowires, one dimensional (1D) ZnO nanorods, ZnO 
(nanoflowers, nanoplatelets, nanopyramids, nanorods, and nanoparticles), WO3 (nanoplatelets, 
nanoporous, nanotextured, and nanorods), MoO3 (nanoplatelets, and nanorods), In2O3 
nanoparticles, and p-type: CuO and Cu2O nanograins. Nobel metals such as Pt, Pd, and gold 
(Au) were employed as catalysts to further improve the performances of these investigated 
gas sensors. 
 
Figure 1.1: Conductometric transducers. 
 
The structural properties of the deposited nanomaterials were characterised and analysed 
using scanning electron microscopy (SEM), transmission electron microscopy (TEM), X-ray 
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diffraction (XRD), X-ray photoelectron spectroscopy (XPS), energy dispersive X-ray (EDX), 
atomic force microscopy (AFM), UV-Vis-NIR spectrophotometry, and Raman spectroscopy. 
The gas sensing characterization was performed in a custom built gas chamber, and data 
collected using LabView software. The material characterisations combined with gas sensing 
performance measurements provided vital information to obtain a fundamental understanding 
of the sensing mechanisms. 
 
The working principle of these types of sensors is based on the reactions of the gas and 
vapour molecules and the metal oxide sensitive layers (i.e., catalytic surface). Research on 
these reactants and the intermediary products show that they are ionised and adsorb to the 
surface of the metal oxide surface and modulate the film chemical and electrical properties. 
One example is hydrogen atoms that are formed by reactions of hydrogen or hydrogen 
containing species and later diffuse through the catalytic metal to adsorb into the sensing layer 
[19]. 
 
1.2. Gas and Vapour Sensors 
 
A gas sensor is a device in which one or more of its physical properties (e.g., mass, electrical 
conductivity, or capacitance) changes upon the exposure towards a gas species [20]. A slight 
change in these properties can be quantified and measured directly or indirectly. A typical gas 
sensor comprises of a sensing layer integrated with a transducing platform, which is in direct 
contact with the gaseous ambient. Gas molecules interact chemically with the sensing layer, 
which results in a change of the sensor’s physical/chemical properties. The transducer then 
measures these changes and produces an electrical output signal [21].  
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Gas sensors have numerous applications such as the ones those presented in the next section 
[9, 22]. These different applications have various requirements regarding the sensor’s 
performance with respect to the sensitivity, selectivity, reliability and other parameters [23]. 
 
There are many different types of gas/vapour sensors with various technologies and principles 
that can be used to analyse any specific gas species quantitatively and qualitatively. It is 
expected that these sensors should have high accuracy, high stability, fast response, high 
sensitivity as well as be cost-effective. However, different environmental factors such as 
temperature, humidity, and shock and vibrations can influence the sensors’ performance [24]. 
Therefore, it is essential to account for these parameters when selecting an approach prior to 
conducting research. In addition, criteria such as suitability also play an important role [25]. 
 
In gas sensors, sensitivity, selectivity, and stability or known as the 3S factors that remain the 
ultimate aim of researchers towards the development of a good device [25]. A highly 
sensitivity to gas/vapour concentrations is usually the primary concern, while selectivity is 
just as important, yet it is also more difficult to achieve [25]. For a suitable transducing 
platform, materials and sensing structures to address these requirements are of critical and 
encompass selectivity and increased complexity of the system [14]. Chemical sensing has 
been traditionally dominated by expensive and complex laboratory analytical instruments. 
These analytical instruments offer the most precise form of detecting chemical species; 
however, they are not useful for practical and portable gas monitoring. These systems are 
generally located in a laboratory, where the samples are brought for analysis. Hence, they are 
not suitable for on-site or in-situ applications. Furthermore, these approaches involve sample 
preparation prior to analysis, which make the real-time analysis unfeasible. Solid state based 
chemical sensors have been widely employed as a practical solution to overcome such 
problems and have proven to sense both low concentrations (ppm levels) of gases (toxic) and 
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highly combustible gases before reaching the explosive thresholds. These varieties of gas 
sensors are based on resistive-type metal-oxide, pyroelectric, piezoelectric, fibre optic, 
calorimetric, and surface acoustic technologies [26, 27]. Among these types of gas sensors, 
semiconducting metal-oxide based sensors have shown to be the most promising especially 
when deployed in harsh and high temperature environments. Widespread commercial 
applications [28, 29] and rapid advancements in nanotechnology have resulted in novel 
classes of materials that enhance gas sensing performance. These have also provided the 
opportunity to dramatically increase the performances of semiconducting metal-oxide gas 
sensors. 
 
In this PhD research, nanostructured metal-oxide based conductometric sensors have been 
developed for gas sensing applications at elevated temperatures. In addition, gas sensing 
performance employing an optical based gas sensor (gasochromic) has also been investigated.  
 
 
 
1.2.1. Types of Gas and Vapour Sensors 
 
Apart from the needs of gas sensors that have been progressing due to its capabilities in 
detecting small and low concentration or amount of particles in the ambient, concerns over 
climate change, environmental monitoring, global warming, industrial pollution as well as 
demands from the agriculture related sectors including food safety awareness and security 
have triggered policy makers and researchers to look further into the sensing activity. 
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1.2.2. Application of Gas and Vapour Sensors in 
Agriculture 
 
As I am employed by the Malaysian Agricultural Research and Development Institute 
(MARDI), in Kuala Lumpur, and I am going to continue my research in my country I was 
mainly interested to develop novel gas and vapour sensors for Malaysian agriculture industry.  
  
Figure 1.2: Some of the sensors’ applications in the agricultural activities. 
 
Food and agricultural industry have always been the main contributors to the economy, 
although they are often overlooked. Stringent laws to ensure quality, security, and safety of 
both raw and processed food for human consumption have driven much concentration 
towards monitoring contamination or fumes [30]. Some possible applications suggested in 
Figure 1.2 as well as those already in use are gas sensing for monitoring dairy products, 
processed food, and plant diseases [30-32]. Precision of accessing real time data and ability to 
control and monitor these activities can help to increase productivity, maintain health and 
safety, as well as to reduce environmental pollution. Moreover, these needs are essential as it 
is also being used in monitoring, controlling, as well as increasing the utilization of important 
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and valuable gases and vapours emitted from the biodegradation or fermentation process of 
bio waste, such as methane (CH4) and ethanol (C2H5OH) [33]. Other gases such as hydrogen 
(H2) can be produced from ethanol and methane as a synthetic fuel for the transportation 
industry [33], H2S and NH3 (toxic or odorous gases) are common to agro-based industries. 
Furthermore, the uses of flammable gases such as liquid petroleum gas LPG in modern 
housing are causing the emission of additional CO into the atmosphere. Monitoring of 
pollutants released from burning charcoal or wood in houses have revealed that gas sensors 
are very important in everyday life. Other applications of gas/vapour sensors that are of 
growing interest include areas such as medical diagnostics, health care, agriculture, food 
packaging and aroma detection (e.g., in coffee). Every single possible application has its own 
unique requirements and needs. Therefore, it is the ultimate aim of this work to achieve high 
accuracy sensors that are stable and viable for the of target analyte down to a concentration 
range of parts per million (ppm) or parts per billion (ppb) [34]. 
 
 
 
Figure 1.3: Schematic of a feedback sensing control system applicable in the agriculture 
sector. 
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Three gas species: H2, C2H5OH and NO2 have been identified and investigated during this 
research. It is well known that these gases are of concern to some groups due to their ability to 
be either beneficial or toxic. The following subsections will introduce the properties of these 
gases. The major applications/presence of these gases will be presented below to rationalise 
the choice for sensing by developing the nanostructured based sensors as per the objectives of 
this thesis. 
 
Hydrogen (H2) 
Hydrogen has gained enormous attention due to the fact that it can be used as a clean and 
renewable source. One of the fields in which this gas is commonly applicable is the 
development of fuel cells. Lately, H2 was also reported to be produced from methane 
decomposition [33]. Some physical characteristics of hydrogen are that it is colourless and 
odourless. It is also known to cause physical hazards as it is flammable and highly explosive. 
Reports have shown that hydrogen gas is explosive when mixed with air at concentrations as 
low as 4% (1% is 10000 ppm). Ignition can be triggered with a very low amount of energy to 
these hydrogen-air mixtures. Other important characteristics that must be considered to avoid 
risks related to hydrogen-air mixtures explosion is that these combinations have low ignition 
energy (0.02 mJ), large diffusion coefficient (0.61 cm2s-1), and rapid flame propagation 
velocity [35-38]. Furthermore, there are safety concerns with H2 use, storage in a large 
amounts, handling, and transport. Storage and the handling of hydrogen are always associated 
with the danger of leakage, which may possibly lead to explosion. Thus, it is essential to 
develop compact, low-cost and reliable hydrogen sensors that demonstrate high stability, 
sensitivity, and responsiveness. Such criteria are of paramount importance for industries that 
set zero incident goals to further comply to safety and regulatory standards [39]. 
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Ethanol (C2H5OH/EtOH) 
Another related chemical which is common to agricultural related industries is ethanol 
(C2H5OH or EtOH). Ethanol is identified as one of the alternative fuels that can be used to 
replace fossil fuel based engines. Ethanol extracted from agricultural waste and residues are 
often identified as bio-fuel or bio-ethanol [40-42]. Nevertheless, some researches also show 
that ethanol can also burn to cause pollution in the atmosphere. Some reports show that 
ethanol based fuels release more air pollutants when compared to other biodiesels based 
engines [41]. Although many countries have not shown interest in employing ethanol as an 
alternative fuel, growing concern over cost and future depletion of fossil fuels has triggered 
some governments and policy makers to fund research related to this chemical. In the past few 
years, ethanol as fuel has become available in many markets. Mostly, bio-ethanol is produced 
from sugar cane (Brazil) and corn starch (USA) producing countries [43]. Ethanol which is a 
hydrocarbon can also be produced through bio-mass waste such as sugar cane bagasse [44], 
corn stover [45] straw [46], waste wood [47], lignocellulose based materials [48], and 
fermentation [49, 50]. In Malaysia, abundance in paddy residues [51] and palm oil biomass 
[52] are the major bio wastes that so far have been reported to yield bio-ethanol. Concerns 
such as reducing urban air pollution and accumulation of other pollutants, e.g., CO2, NOx, in 
the atmosphere is also expected to remain key aspects for a greener future [49]. Nevertheless, 
exposure towards hydrocarbons, even for short-duration, can be dangerous resulting in 
dizziness, intoxication, disorientation, and narcotic effects. Therefore, monitoring ethanol is 
necessary, as there are needs to detect hazardous concentrations and also to remove disposal 
problems with wastes, and to make the environment safer from pollution. 
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Nitrogen Dioxide (NO2) 
Nitrogen dioxide (NO2) is a highly toxic and poisonous gas. One of the many sources of NOx 
is the burning of agricultural residues that pollute the atmosphere [53, 54]. It is also known for 
its role in acid rain formation, as the primary cause of photochemical smog, a respiratory 
irritant, olfactory paralysis agent [55, 56]. Reports of NO2 exposure to higher concentrations 
(53 ppb) may cause acute respiratory illness in children [34]. NO2 is produced as a by-product 
in industrial applications such as internal combustion engines, food processing, petrol, metal 
refining, and thermal power stations [57]. There is a need for the detection of this gas in the 
interest of health and safety practices. Therefore, it is important to monitor and control the 
emission of NO2 with strict legal limits in confined spaces and industrial environments. 
 
Table 1.1 Sensor requirements for agriculture related gas/vapour and its applications. 
  
 
Applications 
C2H5OH  Bio-waste utilizations 
VOC Insect monitoring 
NO2 Agro-machineries 
H2 Steam reforming of alcohol 
 
 
 
 
 
Sensor 
Requirements 
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1.3. Objectives and Research Questions 
 
The aim of this research is to develop novel nanostructured thin films based materials 
deposited on transducing platforms, such as conductometric and optical, for the use in gas and 
vapour sensing applications. This includes: 
• Investigation of nanostructured semiconducting metal oxides materials with 
gas/vapour sensing properties. 
• Deposition of nanostructured metal oxide thin films onto conductometric and optical 
transducers. 
• Studying the micro and nano characteristics of the nanostructured metal oxides to 
understand their influence on the electrical and the optical sensor performance.  
• Investigation of the electrical and optical sensing performances (both static and 
dynamic) of the developed sensors for various gases and vapour such as H2 (≤1 v/v%), 
NO2 (≤ 10 ppm), and C2H5OH (≤ 500 ppm). 
• Understanding and explanation of the sensing mechanism behind the interaction of the 
gas molecules-sensing layer of these sensors. 
In order to achieve these objectives, the author outlined the following research questions:  
• What are the nanostructured metal oxides that change their properties when exposed to 
these gases? and why? 
• What are the deposition techniques that should be used to produce novel metal oxide 
nanostructured thin films? And what are the fundamental mechanisms to grow 
nanostructured forms of the materials? 
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• What parameters such as temperature and time of deposition should be employed? for 
conductometric and optical transduction platforms.  
• Which techniques should be employed to investigate the static and dynamic 
performance of the developed sensors? 
• How different are these performances of the nanostructured metal oxides with 
different morphologies?  
 
This PhD research aims to develop highly sensitive conductometric and optical based gas 
sensors by employing novel nanostructured metal-oxides as well as nanostructured nobel 
metals as catalysts. Based on the literature review presented in Chapter 2, the following 
nanostructures with different morphologies were developed: 1D ZnO nanorods, ZnO 
interconnected nanowires, ZnO nanopyramids, nanoplatelets, nanoparticles, nanoflowers, 
In2O3 nanoparticles, WO3 nanostructures (nanoplatelets, nanoporous, nanotextured layers), 
MoO3 nanostructures (nanoplatelets, and nanorods), Cu2O nanostructure, CuO nanostructure 
based conductometric and optical gas/vapour sensors. These materials were also loaded or 
combined with platinum (Pt), palladium (Pd) or gold (Au) as catalytic layers. The electrical 
and gas sensing performances of the developed sensors were investigated for gaseous H2, and 
NO2 as well as C2H5OH vapour at elevated temperatures. The theory and gas sensing 
mechanisms, which explain how these sensors operate, using the most recent theory available 
in literature were also investigated. To the best of the author’s knowledge, the conductometric 
and optical based sensors employing the abovementioned nanostructured thin films have been 
investigated for the first time for gas sensing applications in this thesis. The nanomaterial 
characterisations combined with the gas sensing performance were used to obtain 
fundamental understanding of the analyte interaction mechanisms within the sensing layers. 
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1.4. Outcomes and Author’s Achievements 
 
This PhD research has led to several novel and significant findings contributed to the body of 
knowledge in the field of gas/vapour sensing employing novel metal-oxide nanostructured 
thin films. In this thesis, a comprehensive report is presented on the experiments and the 
theoretical analysis of the developed conductometric and optical based gas sensors exposed to 
gaseous H2, NO2 and C2H5OH vapour with low concentrations conducted at operating 
temperatures from room temperature to 500 °C. The findings of this research program can be 
outlined as follows: 
 
• New 1D ZnO nanorods based sensor for ethanol vapour was developed. The 1D ZnO 
nanorods were synthesized using a thermal decomposition method employing filtered 
cathodic vacuum arc (FCVA). The deposited ZnO seed layer as the nucleation site was 
fabricated. 
• ZnO nanoflowers and ZnO nanosheets synthesised using the hydrothermal method 
were employed as NO2 sensors. 
• ZnO nanopyramids based sensors were employed for both NO2 and C2H5OH sensing. 
The ZnO nanopyramids were developed by employing a solvothermal method. 
• Au/WO3 based optical sensors were successfully developed and showed excellent 
sensing performance towards H2 with low concentration (less than 1%). 
• A new approach of synthesizing WO3 based nanostructures onto conductometric 
transducers using acid media was developed. The developed sensors were tested 
towards C2H5OH. 
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• A novel approach of employing two types of Au nanoclusters concentrations onto 
nanostructured WO3 thin films onto conductometric transducers for H2 sensing was 
developed. 
• The H2 gas interaction mechanism was studied for the developed optical sensors. This 
study supported the theories developed by Deb et al. [58] and Georg et al. [59]. The 
optical response is attributed not only due to the oxygen vacancies in the metal oxide 
layers created by the diffusion of H ions, but also by the water vapour generated from 
the H2 molecules-sensing layer interaction.  
• For the first time the H2 response at lower amount of Au9 nanoclusters loading onto 
WO3 was observed for the conductometric based nanostructured thin films. This 
observation shows that a low amount of Au9 nanoclusters produces higher sensor 
response and lower sensor operating temperature. Further investigations are being 
carried out to improve the device sensing performance. 
In summary, this PhD research program successfully fulfilled its objectives to investigate and 
develop novel H2, C2H5OH, and NO2 sensors based on nanostructured thin films deposited 
onto conductometric and optical transducers. Throughout this research, the author gained 
various achievements such as 18 papers (published and submitted) in high impact factor 
journals.such as: 
• Sensors and Actuators B: Chemical, 
• Internation Journal of Hydrogen Energy  
• Journal of Korean Physical Society.  
The results coming from this PhD thesis were also successfully presented at 12 highly 
established sensor related conferences:  
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• NANO Today 2, Hawaii, USA, December 11-15, 2011. 
24th Eurosensors, Athens, Greece, September 4-7, 2011. 
• 14th International Meeting of Chemical Sensors (IMCS), Nuremburg, Germany May 
20-23, 2012. 
• XXVI Eurosensors, Krakow, Poland, September 9 – 12, 2012. 
• 4th International Symposium on Transparent Conductive Materials, TCM, Hersonissos, 
Crete, Greece, Oct 21 – 26, 2012. 
• International School and Workshop on Nanotechnology (NanoS-E3), Kingscliff, 
Australia, September 12-16, 2011 
• 7th ICAMD, Jeju, Korea, December 7 - 9, 2011. 
• International Conference on Man-Machine Systems (International Conference on 
Man-Made Systems (ICoMMS), Pulau Pinang, Malaysia, February 27 - 28, 2012 
• 10th NANOKOREA Symposium, August 16 – 18, 2012, Seoul, Korea. 
 
1.5. Thesis Organisation 
 
This thesis consists of seven chapters and two appendices and is presented as follows: 
• Chapter 1 is an overview of the motivation for this research, the objectives, outcomes 
and the achievements of this study. 
• Chapter 2 presents a literature review of the conductometric and optical based gas 
sensors employing different metal oxide based gas sensing materials. The justification 
for the research rationale is also presented in this chapter. In addition, nanostructured 
metal oxides materials such as ZnO, WO3, In2O3, MoO3, Cu2O, and CuO for gas 
sensing applications are reviewed. 
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• Chapter 3 describes the fabrication process of the conductometric and optical based 
transducers. 
• Chapter 4 outlines the synthesis and deposition processes and procedures involved in 
the fabrication of nanostructured metal oxide thin films onto the conductometric and 
optical transducers. The techniques employed for the deposition and synthesis of the 
nanostructured materials and electrical contacts are described. 
• Chapter 5 focuses on the structural and material characterisations of the nanomaterials, 
which were used as gas sensing layers. The results of SEM, XRD, TEM, XPS, EDX, 
AFM, Raman spectroscopy, and UV-Vis-NIR characterisation of the nanomaterials 
are presented. 
• Chapter 6 presents the experimental results obtained from the electrical properties and 
gas sensing performance of the developed nanostructured based conductometric and 
optical sensors. The effect of nanostructured materials’ morphology, sensors’ 
operating temperatures as well as its sensing mechanism of the sensors’ are discussed. 
• Chapter 7 presents the thesis conclusions and suggestions for possible future work. 
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2.1. Introduction 
 
In this chapter, the rationale for the development and the fabrications of metal oxide 
nanostructured thin films based materials is presented. These thin films were applied onto the 
conductometric and optical based gas and vapour sensors, which are relevant for agricultural 
applications. This includes reviews on nanostructured metal oxide based materials deployed 
in both types of developed gas sensors. The advantages and previous uses of the 
nanostructured metal oxide based materials in the gas/vapour sensing applications also 
considered and utilized in this research will be revised in detail. 
 
2.2. Review of Conductometric Based Gas and 
Vapour Sensors 
 
There are several major groups of materials that could be employed in gas sensing. Currently, 
sensitive materials widely used to sense gases and vapours are metal oxides [1, 2], conductive 
polymers [3], and conductive polymers – metal oxides composites [4]. Nevertheless, metal 
oxide based sensors have mostly been employed [5, 6]. It is well known that metal oxide 
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based gas sensors require an elevated temperature (200 – 400 °C) for optimum operation [7-9]. 
Even though, higher operating temperatures are required for metal oxides based, they are 
regarded as being highly suitable for ethanol vapour sensing due to their better chemical 
stabilities compared to polymers. This is due to the sensing mechanism of metal oxide which 
is only governed by the reactions of chemisorbed oxygen species on the metal oxide surface 
and the ethanol vapour molecules [10]. Such transitional metal oxides are used as the sensitive 
layers for the gas sensing materials; however, this thesis focuses onto ZnO and WO3, 
although there are several suitable metal oxides such as In2O3, MoO3, CuO and Cu2O. All of 
the described thin films were fabricated and have been investigated as sensors either for 
vapour such as C2H5OH and gases such as H2 and NO2. 
 
In this research project, focus was placed on the investigation of the metal oxide 
nanostructured thin films. The metal oxide based gas sensors were employed because they are 
low cost, highly sensitive, operate at high temperature, simple to fabricate, and ready for 
incorporation into different types of transducing platforms [8, 11]. 
 
2.2.1. Conductometric Based Gas Sensor 
 
Conductometric sensors are one of the most commonly utilized devices for sensing 
applications [8, 12]. They are also known as chemi-resistors and many commercialized 
sensors are based on the principle of resistance measurement [12]. The observation on the 
effect of electrical resistance due to the interactions between the metal oxide and gas was first 
discovered by Bielanski [13]. In the early 1960’s Seiyama et al. [14, 15] fabricated the first 
semiconductor based gas sensor. Later on Taguchi's work led to the fabrication of gas sensors. 
Until today, conductometric based gas sensors are still relevant and are heavily pursued due to 
its simplicity and ease of fabrication. A few decades later, the technology matures – this 
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includes fabrication and measurement. Many have reported thick films, thin films, fibres and 
bulk materials as the sensing elements on a chemiresistors. By employing this platform, the 
output signal is provided by measuring the resistance, which is very simple. A chemiresistor 
is formed by patterning metal interdigitated electrodes (IDT) fingers on any insulating 
substrate such as quartz (SiO2) and SiO2/Si, as shown in Figure 2.1. Usually, semiconducting 
metal oxides and conducting polymers are chosen for the sensing materials as their 
conductivity changes in the presence of specific gas molecules. Conductometric sensors have 
very good linearity and can measure large or small gas concentrations (ppm to ppb ranges). 
 
 
Figure 2.1: Conductometric transducers highlighted in the oval (a) quartz substrate (b) 
SiO2/Si substrate. 
 
In conductometric sensors, sensitive materials are deposited onto the surface which 
contains the prefabricated IDT. Once this is completed, measurements will be applied 
between the conducting electrodes. In conductometric measurements, voltage applied 
across the electrodes resulted in an electric field. Thus, the electrical conductivity of the 
deposited material can be determined from the measured current. The relation between 
(a) 
(b) 
Chapter 2: Literature Review and Research Rationale 
 
 26 
current density (J), electrical conductivity (σ), and electric field (E) can be written 
according to Ohm’s law: 
EJ σ=  2.1 
Other common form of Ohm’s law is: 
IRV =  2.2 
where V represents the measured voltage, I is the current, and R is the electrical resistance. 
Conductometric measurements can be conducted in either AC (alternating current) or DC 
(direct current) conditions. These applied voltages and currents are generally selected to 
provide a relatively linear region for conductivity. Upon exposure towards analytes, the 
change in electrical resistance of a sensing material is monitored. 
Overview of Conductometric Devices  
The computer control system featured in Figure 6.1 was used to govern an Agilent E3649A 
dual output DC power supply, controlling the gas sensor operating temperature via a micro-
ceramic heater element (MS-3) purchased from Sakaguchi E.H. VOC Corp., Japan. The 
control computer was also utilised for timed gas pulse sequences, via a serial communication 
link to the mass flow controller. The MKS Instruments 647B four channel mass flow 
controller mixed gases from certified cylinders for a total output flow of 200 sccm, delivered 
to the gas sensing cell (shown in Chapter 6, in Figure 6.2 – conductometric based sensor setup 
and Figure 6.4 – optical gas sensing setup). This was carried out in a sequence of increasing 
concentrations followed by a final pulse of low concentration analyte to examine any sensor 
baseline instabilities as well as reproducibility. A high accuracy Keithley 2001 Multimeter 
was used to record changes in sensor resistance. A schematic representation of the 
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conductometric gas sensor calibration and testing system as well as the optical sensing setup 
are presented in Chapter 6 in Figure 6.1 and Figure 6.3, respectively. 
 
During this study, and based on the literature reports [16, 17], the sensor response (R) for ZnO, 
WO3, In2O3 and MoO3 based gas/vapour sensors, which are commonly accepted as n-type 
materials based sensors [18-20] reported throughout this candidature, was calculated via the 
following equations: 
a
g
R
RR = (oxidizing analyte) 2.3 
g
a
R
RR = (reducing analyte) 2.4 
For reducing analytes such as C2H5OH and H2, the baseline resistance of the sensor in 
synthetic air is Ra; and the resistance of the sensor in the target analyte is Rg.  
 
The sensor response (R) for Cu2O and CuO based vapour sensors, which are also as known as 
p-type materials based sensors [21, 22] reported in this thesis, will be calculated via the 
following equations: 
a
g
R
RR = (reducing analyte) 2.5 
g
a
R
RR = (oxidizing analyte) 2.6 
Response and recovery time (s) will be reported as τres and τrec, respectively, unless otherwise 
noted. 
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Surface Conductance in Semiconducting Oxide Films and the Response Mechanism 
Gas sensing mechanisms and models are commonly understood with two models: 
ionosorption model and the oxygen-vacancy model [23]. These models will be employed 
throughout this study to understand the sensing mechanisms of the developed metal oxide 
based sensors.  
 
In the ionosorption model, gaseous molecules of oxygen are believed to adsorb to the metal 
oxide surface to form the space–charge effects. Such effects will form a depletion region and 
electric surface potential as shown in Figure 2.2. During this adsorption, oxygen molecules 
will form several ionic oxygen species. 
 
 
Figure 2.2: Schematic representation of resistance of ZnO nanorods synthesized during the 
study which shows boundaries and contacts. (Dark areas refer to the depletion region). 
 
It is widely accepted that in an air environment, oxygen molecules adsorb onto the surface of 
the metal oxide layer to form O2–, O– and O2– ions by extracting electrons from the 
conduction band depending on the temperature [10, 24, 25]. The oxygen adsorption on the 
surface of metal oxides follows the following reaction steps [25]: 
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)(2 gO  )(2 adsO   2.7 
−+ eO ads)(2  )(2 adsO
−  occurs at ~100 – 150 °C 2.8 
−+ eO ads 2)(2  )(2 adsO − occurs at 150 – 350 °C 2.9 
−− + eO ads)(  )(2 adsO − occurs at 350 – 500 °C  2.10 
 
The oxygen-vacancy model some believe is the main contributing factor to the 
conductometric based sensors behaviour when exposed towards gaseous analytes [26]. It 
explains that the effects take place through changes in the oxygen stoichiometry.  
 
A conduction model of n-type and p-type metal oxide based gas sensor explained in extensive 
detail by Barsan and Weimar [8, 11, 27] is used in this work. In the case of n-type 
semiconducting oxides, the positively charged oxide surface and negatively charged adsorbed 
oxygen ions form a depletion region at the surface. Thus, the resistance of an n-type 
semiconducting oxide gas sensor in air is high, due to the development of a potential barrier. 
A space charge layer is formed due to the electron depletion at the surface by chemisorption. 
The space charge layer thickness λD (also expressed by the Debye length) can be defined 
using Poisson’s equation as follows [11]: 
 
b
B
D nq
Tk
2
0εελ =  2.11 
 
where ε is the material constant, ε0 and kB are fundamental constants of electric permittivity in 
vacuum and Boltzmann constant respectively, T is the temperature, nb is the bulk electron 
density and q which is associated in qVs (band bending) where Vs is the surface potential 
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barrier height. Substituting into the Equation 2.11 with typical values gives the space charge 
layer thickness (λD) for SnO2 which is estimated to be around 1 – 130 nm at temperature of 
400 – 700 K [11]. 
 
A schematic of a few grains of porous semiconducting oxide film (large grain at top and small 
grain at bottom) and the space charge region around the surface of each grain and at intergrain 
contacts is shown in Figure 2.3 as an example.  
 
Figure 2.3: Schematic representation of a porous sensing layer with geometry and energy 
band (λD) is the Debye length and Xg is the grain size) [11]. 
(a) 
(b) 
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During the reaction process, the electrons trapped by the oxygen adsorbates return to the 
oxide grains, leading to a decrease in the potential barrier height and drop in resistance. These 
resistance changes are used as the measurement parameter of the semiconductor gas sensor. 
 
The mean diameter (Xg) of grains or crystallites in metal oxides greatly influences gas sensing 
properties. It has been shown that sensor sensitivity increases with decreasing grain size [11]. 
The grain size effects of metal oxide polycrystalline materials can be summarised in three 
cases assuming a chain of uniform crystallites of size Xg connected each other through necks 
and grain boundary contacts. These are: 
 
DgX λ2>>  grain boundary resistance control 
DgX λ2≥  neck resistance control 
DgX λ2<<  grain resistance control 
 
Among the three cases, grain resistance control is the most preferable for gas sensing. It is 
reported that in grain resistance control, the grain resistance dominates the resistance of the 
whole chain and the film resistance. This will cause the grain structures, morphology or 
crystallinity to control the device sensitivity as well as the dominant factors. Thus, smaller 
grain sizes would lead to higher sensitivity in the device due to the significant charge effects. 
[11, 28]. 
 
The space charge region that is depleted of electrons is more resistive than the bulk of the 
material. The band model for the corresponding grain model is also given in Figure 2.4 and 
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shows potential barriers formed at inter-grain contacts.  This barrier potential varies with the 
amount of adsorbed oxygen [29]. 
 
Figure 2.4: Schematic representation of a sensing layer based on nanorods of semiconducting 
oxide showing inter-rod contact resistance. 
 
The particle or grain size of a polycrystalline semiconducting oxide gas sensor is considerably 
greater than the depth of the surface space charge region; thus, electrical conduction is 
controlled by the grain boundaries. However, nanostructured materials have greatly reduced 
size of particles, grains, rods, wires, belts whose dimensions are comparable to the depletion 
layer depth. Under these conditions, oxygen adsorption onto the nanostructures will lead to a 
complete depletion of conduction-band electrons with a large variation in resistance. Thus, in 
this work, nanostructured materials were chosen to produce highly sensitive gas sensors. A 
schematic representation of the physical and band models for a nanorod based oxide surface is 
presented in Figure 2.4. The band model shows potential barriers formed at nanorod contacts 
and this barrier potential varies with the amount of adsorbed oxygen. It should be noted that 
this barrier potential is significantly higher than conventional inter-grain potential barriers due 
to a complete depletion of electrons in the nanorods. Thus the scale of conductivity 
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modulation in nanostructures is significantly greater than conventional grains after exposure 
to gases. 
It can be seen that the carriers must overcome a barrier of qVs for inter-grain transport. When 
an n-type metal oxide surface is exposed to a reducing gas such as H2 or C2H5OH at elevated 
temperatures, the oxygen adsorbates are removed by the reduction reaction, so that the steady-
state surface coverage of the adsorbates is lowered. 
 
The morphology of the thin film sensing layer also has an influence on the sensor sensitivity 
and it can be divided into either compact or porous ones. First, in compact sensing layers, 
gases cannot penetrate into the layer and the gas sensing reaction is confined to the surface of 
the sensing layer. Second, in the porous layer, gases can access all of the volume of the 
sensing layer, and the gas sensing reaction can therefore take place at the surface of individual 
grains/nanostructures, at grain-grain boundaries and interfaces between grains and electrodes. 
A schematic of ZnO nanorod based films in comparison to the ZnO thick filmed based 
showing inherent porosity is shown in Figure 2.5. Thus, the use of nanostructured metal 
oxides could greatly improve gas molecule diffusion, because nanostructured metal oxides 
have a significantly greater exposed surface area, as well as greater penetration depth for gas 
molecules, relative to their bulk compact materials. 
 
 
Figure 2.5: Schematic diagram of a (a) traditional thick films based sensor (b) porous ZnO 
nanorod based film exposed to gas molecules. 
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As the charge carriers in p-type semiconducting oxides are positive holes, the resistance in air 
is low because of the formation of negatively charged oxygen adsorbates, and the extraction 
of electrons from the bulk eventually enhances the concentration of holes in the grain surface. 
Then, the consumption of oxygen adsorbates by reaction with reducing gases leads to an 
increase in resistance, which is the reverse of the case for n-type semiconducting oxides. 
Conversely, the adsorption of oxidizing gases on p-type semiconducting oxides results in a 
decrease in resistance. 
 
In this work, thin films of nanostructured materials have been deposited onto the electrodes 
that also cover the whole area between them (except for the pads). The fabrication method of 
transducers will be explained in the next chapter. The details of the material characterization 
and gas sensing performance will be given in chapter 6 and 7, respectively. 
 
Conductometric based gas sensors is one of the most commonly utilized devices in chemical 
sensing applications. Another word commonly used in describing this device is chemi-resistor. 
The simple fabrication technologies regarding the development of this device have been 
applied in many works and are considered to have reached maturity. Combined with the 
substrates, sensitive layers such as thick films and thin films from all types of sensitive 
materials fabricated employing deposition methods can be utilized as the sensing elements of 
a chemi-resistor. Here, resistance or current measurement from the output port can be 
measured due to its simplicity. During this work, the conductometric based sensors were 
formed by patterning metal interdigitated electrodes (IDTs) fingers on any insulating substrate 
such as quartz and SiO2/Si. Reports have shown that conductometric based sensors have very 
good linearity and are sensitive to various amounts of gas/vapour concentrations (ppm to ppb 
ranges) [30]. It is believed that the interaction between the gas-sensitive material and the 
underlying substrate can significantly modify the sensor performance [12, 31]. Throughout 
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this research project, the author mainly employed two types of substrates: quartz, and SiO2/Si 
which will be explained in Chapter 3. 
 
2.2.2. Optical based gas sensor  
 
Optical based gas sensors are a class of devices that use optical means to measure the 
concentration of a given gas species. In their simplest form, light is generated by a light 
source and sent through an optical fibre which will pass through a blank substrate coated with 
a sensitive layer. The light which passes through the substrate is measured either by 
reflectance, absorbance, or transmittance via the adjacent optical fibre. The main advantages 
of optical based gas sensors are their low power consumption, immunity to electro-magnetic 
interference (EMI), ability to detect various chemicals at very low concentrations, and the 
possibility of performing remote sensing in very hostile environments. Some of the 
disadvantages include the limited materials for the sensitive layers that have either 
gasochromic or electrochromic properties.  
 
This study employed gas sensing measurements based on the absorbance principles 
employing electrochromic and gasochromic sensitive nanostructured materials. Although 
there are many techniques and materials reported in regards to the optical based gas sensing 
[32-34], these techniques can be divided into two different groups, such as the to measure 
directly the target gas concentrations as well as measuring the behaviours of the sensitive 
films in terms of colouration changes when exposed towards analytes [35, 36].  
 
This study focused on the effect of colouration change of the developed metal oxide based 
sensors upon exposure to gaseous hydrogen. This method which is also known as the indirect 
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optical spectroscopy is one of the many techniques known to be highly selective and sensitive, 
in addition to being simple and inexpensive [37, 38]. 
 
Based on the simplicity for applications in the agricultural related field, an absorbance 
measurement setup was employed that offers less complicated setups than the other 
techniques. Theoretically, the absorption of an optical signal occurs when atoms or molecules 
of an element take up the energy of a photon of the signal and thus, reducing the transmission 
of light as it passed the said element [39]. The absorption intensity is measured as a function 
of frequency or wavelength. By employing this method, measurements can theoretically be 
carried out for the whole electromagnetic spectrum. In chemical sensing applications, these 
ranges are important, because the radiation energy is able to change the material atoms 
configuration and electronic states [40] 
 
 
Figure 2.6: Schematic of the transmittance measurement. 
 
The basic setup which can be employed to measure the absorption spectra is placing 
transparent substrate (quartz or glass) coated with sensitive materials in line of the light 
source (Figure 2.6). On the other end of the sample, a light detector is placed to calculate the 
intensity of the radiation. Here, transmittance (T) can be calculated as: 
 
Chapter 2: Literature Review and Research Rationale 
 
 37 
0P
P  2.12 
 
where P0 and P is radiation power before entering the samples and after passing the sample, 
respectively. Absorbance (A), on the other hand is the logarithmic ratio of the power intensity 
incident onto a sample to the intensity that passed through the sample [40]. Therefore, A is 
defined as the following: 
 




=
0
10log P
PA  2.13 
 
The optical spectroscopy measurements for gas sensing are being derived from Beer-Lambert 
Law, which relates the magnitude of the light absorption and the gas concentration. Lambert 
described first that the intensity of monochromatic light decreases when it crosses a light-
absorbing element. The decrease is a logarithmic function of increasing length of the light 
path. Beer stated that the transparency of a coloured, light-absorbing solution is an 
exponential function of its solute concentration [40]. Beer-Lambert law is a combination of 
these relationships. Applying the law for gas sensing, the relationship can be addressed as the 
following: 
 
ClA ε=  2.14 
 
where ε is the absorption coefficient (units: Lmol-1cm-1), C is the gas concentration (mol-1) 
and l is the path length (cm-1) of the light through the sensing layer. 
 
Based on Beer-Lambert law, the measured absorbance is linearly proportional to the gas 
concentration which changes of absorbance on the sensing layer can be related to the direct 
change of the gas concentration.  
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The mechanism of gasochromic response of WO3 nanostructured thin films in the presence of 
H2 is more intricate than the corresponding electrochromic response. The gasochromic 
response of the WO3 films can only be induced by synergistic combination with a catalytic 
material, in contrast to the electrochromic response. The electrolyte employed in a typical 
electrochromic device provides a very efficient medium for ion intercalation and a much 
stronger interaction with the metal oxide to induce coloration. The coloration of the 
gasochromic films only occurs once the ions intercalate into the WO3 layer after dissociation 
of the gas molecules into atoms by the catalytic layer [41, 42]. The catalytic metal layer 
promotes chemical reactions by reducing the activation energy between the film and the target 
gas. The noble metals are utilised as a catalytic layer to increase the gas sensitivity, as well as 
to significantly reduce the response and recovery times [43, 44]. This mechanism will be 
explained in detail in Chapter 6 as the gas sensing mechanism on the metal oxide 
nanostructured thin films based on the film’s optical response. 
 
2.3. Review on Nanostructured Materials 
Pertaining to This Research 
 
Nanostructured materials are known to be in the size range between 1 and 100 nm. In these 
past few decades, nanostructured materials have received growing interest especially in the 
field of chemical sensing applications. The nanostructured materials can be categorized into 
different groups depending on their dimensions. Such examples are quantum dots which are 
known to have zero dimensional nanostructures compared to the nanowires, nanorods, or 
nanobelts which are one-dimensional. However, one dimensional (1D) nanostructures such as 
wires, plates, rods, and tubes have obtained greater attention due to their significant surface–
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to-volume ratios. In the field of chemical sensing, these attributes provide a greater chance of 
interactions between the surface and the analyte molecules. Research in the synthesising, 
fabricating, and developing novel nanostructures with better surface-to-volume ratio remains 
a focus towards enhancing the response of the chemical sensors for various applications [45]. 
Research conducted on obtaining novel physical properties and phenomena, and potential 
applications of nanomaterials are possible only when nanostructured materials are made 
available with the desired size, morphology, crystal structure and orientation, and chemical 
composition. Thus, synthesis and processing of nanomaterials are the first and essential 
aspects of nanotechnology. Different techniques have been adopted to synthesize and 
fabricate 1D nanostructure on substrates. However, a terminology for these peculiar 1D 
nanostructures has not been well established, and a variety of names appear in the literature. 
For example, the structure of nanowires, nanofibres and nanorods are similar, all having a 
wide range of diameters (less than 100 nm) and lengths. The typical length of the nanowires 
and nanofibers ranges from several micrometers to a few hundred micrometers, whereas the 
length of nanorods is limited to a few micrometers. Nanotubes possess wire-like 
nanostructures. Based on this information, this work focused its investigation on four different 
metal oxide nanomaterials: zinc oxide (ZnO), tungsten trioxide (WO3), indium trioxide 
(In2O3), molybdenum trioxide (MoO3), copper oxide (CuO), and cuprous oxide (Cu2O). 
 
2.3.1. Nanostructured Semiconducting Metal-Oxide 
 
2.3.1.1. Nanostructured ZnO Based Gas Sensors 
 
Among the semiconductor metal oxides, zinc oxide (ZnO) is the most widely applied gas 
sensing material due to its high mobility of conduction electrons and good chemical and 
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thermal stability [46]. Various forms of ZnO such as single nanowire, thick films, thin films, 
and heterojunctions are used for gas sensing [47-51]. Numerous sensors for gases/vapours 
such as H2, NO2, methanol, C2H5OH, H2S, CH4, and CO have been reported [46, 52-57]. 1D 
ZnO nanorods (NRs) based thin film gas sensors have been studied by a number of 
researchers who reported that enhanced performance was achieved compared to their bulk and 
coarse micro-grained ZnO sensor counterparts [45, 58, 59]. 1D ZnO NRs have been obtained 
by numerous methods, including RF sputtering [29], chemical and physical vapour deposition 
[60, 61], metal organic chemical vapour deposition (MOCVD) [62], pulsed laser deposition 
[58], as well as electrochemical [59] or hydrothermal and solvothermal processes [19, 63]. In 
the hydrothermal method, a ZnO seed layer was pre-deposited for the growth of well-aligned 
NRs. Several studies report on seed layers prepared by RF sputtering, spray pyrolysis, pulse 
laser, dip coating, or spin coating [64-66]. However, seed layers deposited using these 
methods have more than one crystallographic phase and are not uniform. As a result, 
hydrothermally grown NRs from these seed layers have multiple crystallographic phases. The 
presence of a single crystallographic phase on the seed layer is required for the growth of 1D 
ZnO nanorods during the hydrothermal process. To the best of authors’ knowledge, this work 
presents the first report of the grow of 1D ZnO nanorods employing filtered cathodic vacuum 
arc (FCVA) deposited ZnO seed layer with single crystallographic phase (002) using a 
hydrothermal method. The advantage of FCVA deposition technique is that the energy of the 
depositing species can be controlled using substrate bias. In this work, by tuning the substrate 
bias voltage we have successfully grown a ZnO seed layer with a single crystallographic 
phase. The response of the ZnO nanorods-based sensor towards various concentrations of 
ethanol is reported in Chapter 6. The performance of the sensor was investigated at different 
operating temperatures ranging from 200 to 330 °C 
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2.3.1.2. Nanostructured In2O3 Based Gas Sensors 
 
Indium trioxide (In2O3) is a well-known metal oxide that is promising for applications in 
microelectronics fields such as gas sensors, solar energy conversions, and flat panel displays. 
This material has gained enormous attention due to its sensitivity to various pollutants gases 
and vapours such as carbon monoxide (CO) [67], ammonia (NH3) [68],  hydrogen sulphide 
(H2S) [69], formaldehyde (HCHO) [70], nitrogen dioxide (NO2) [71, 72], ethanol (C2H5OH) 
[73, 74], and 2-chloroethanol (C2H5ClO) [75] as well explosive vapours triacetone 
triperoxide (TATP) [76]. 
 
There are many techniques to form In2O3 nanostructures such as chemical vapour deposition 
(CVD), aerosol-assisted evaporation and hydrothermal synthesis [77-82]. Out of them, non-
aqueous synthesis has been a popular technique to form nanoparticles [81]. However, In2O3 
nanoparticles obtained from the aminolysis reaction between indium acetate (In(OAc)3) and 
benzylamine (PhCH2NH2) at 180 °C have not been reported in literature [81, 83]. In this PhD 
research, the synthesis of In2O3 nanoparticles were employed using benzylamine as a 
structure-directing and size controlling agent in the one-step solvothermal procedure. 
 
2.3.1.3. Nanostructured WO3 Based Gas Sensors 
 
Tungsten trioxide (WO3) is an important n-type semiconductor and is known to be reactive 
towards various reducing and oxidizing gases [43, 84, 85]. Numerous studies have 
demonstrated the excellent potential of tungsten trioxide-based devices in a diverse range of 
applications such as water splitting, batteries, photovoltaic cells, electrochromic devices, and 
gas sensors [36, 86-91]. However, in the area of gas sensing, pure tungsten trioxide systems 
have not shown any notable response towards hydrogen as compared to other metal oxide 
Chapter 2: Literature Review and Research Rationale 
 
 42 
based devices. Importantly, drastic improvements in the response of tungsten trioxide-based 
sensors to hydrogen could be achieved if carefully chosen catalytic components are 
introduced into the matrix of tungsten oxide. 
 
Table 2.1 Transformation of WO3 crystal structures based on their deposition temperatures 
[92] 
WO3 Crystal 
Structure Monoclinic Triclinic Monoclinic Orthorhombic Tetragonal 
Deposition 
Temperature (°C) < -43 -43 – 17 17 – 330 330 – 740 >740 
 
With reference to Table 2.1, the WO3 crystal phase transformation occurs in the following 
sequence: monoclinic, triclinic, monoclinic, orthorhombic and tetragonal. Monoclinic WO3 
exists at below subzero temperatures (-43 °C) as well as at room temperature until 330 °C. 
However, the crystal formation at subzero temperatures is rarely encountered except in the 
laboratory and, thus, the monoclinic crystal formation is normally associated to the ones at 
room temperature. It has been reported that the WO3 crystal transition is partially reversible. 
When annealing at high temperature over 330 °C and 740 °C, WO3 transforms into 
orthorhombic and tetragonal crystal structures, respectively as shown in Table 2.2. Despite 
that, WO3 is unable to retain these phases when it returns to room temperature and commonly 
transforms into the monoclinic structure [93]. As a result, monoclinic is known to be the most 
stable crystal phase for WO3. Based on this characteristic, it is important to control the 
deposition parameters of the WO3 nanostructures to produce a monoclinic crystal phase. By 
maintaining stable and similar crystal phase for the different WO3 nanostructures developed, 
investigation of the nanomaterial gas sensing properties can be reliably carried out.  
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Interest in the use of WO3 for the chromic applications arose from its optical properties in the 
visible wavelength region, which covers the absorption threshold defined by the WO3 
nanostructures bandgap energy (Eg) ranging from 2.60 – 3.25 eV [94, 95]. The coloration 
efficiency of the films is highly influenced by the surface morphology [42]. The high surface 
area of the WO3 nanostructured thin films is expected to interact strongly with the gas 
molecules which will result in a large optical response variation. 
 
2.3.1.4. Nanostructured MoO3 Based Gas Sensors 
 
MoO3 is also known as having a catalytic behaviour for the oxidation of hydrocarbons. 
Recent discoveries achieved in the chemical sensing field by employing MoO3 thin films 
have drawn much interest from researchers [7, 96-99]. Nanostructured thin films of this 
material are well known for improving gas sensing properties [100, 101]. Controlled growth, 
surface structure, chemical composition, and electronic properties are quite important for the 
fabrication of thin films. However, the low melting temperature of MoO3 affects the 
crystalline quality of regular nanostructures. 
 
MoO3 nanoplates based thin films gas sensors were fabricated and deposited onto quartz 
substrates with pre-patterned IDT and exposed to ethanol vapour of various concentrations. 
The sensors showed promising potential for the electrical/optical sensing of hydrocarbons due 
to its high surface area. 
 
Another nanomaterial under investigation is cuprous oxide (Cu2O) and cupric oxide (CuO), 
which will be reviewed in the following subsection. 
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2.3.1.5. Nanostructured Cu2O and CuO Based Gas 
Sensors 
 
Among the various metal oxide semiconductors, cuprous oxide (Cu2O) and CuO metal oxide 
based sensors are of the most promising materials for solar cells due to its high absorption 
coefficient in the visible region, and its source materials are abundant and nontoxic [20, 102-
104]. The metal oxide is also being used as gas sensors [105].  In addition, Cu2O is an 
intrinsic p-type semiconductor with a narrow energy band gap of ~2.1 eV that exhibits a 
variety of interesting properties, which can be fully exploited in devices such as gas sensors, 
superconductors, magnetic storages, Li-ion batteries, and photoconductive cells [106]. Thin 
films of Cu2O can be prepared by several methods including thermal oxidation [107, 108], 
electro-deposition [109], anodic oxidation [110], pulsed laser deposition [111], spraying [112], 
thermal evaporation [113], dc reactive magnetron sputtering [114, 115] and RF reactive 
magnetron sputtering deposition methods [116, 117]. 
 
2.3.2. Catalytic Nobel Metallic Layers (Pt, Pd, and 
Au) to Enhance Sensor Performance 
 
Noble metals such as Pd, Pt and gold (Au) are known as catalysts for hydrogen activation [37, 
43, 118, 119]. Pd and Pt based catalysts have been employed in the chemical industry for a 
myriad of chemical reactions ranging from catalytic hydrogenation of simple alkenes to cross 
coupling of complex organic molecules. It has only been in the last twenty years that Au 
based catalysts for hydrogenation and oxidation have been recognised as being of significant 
importance. Previously, Au chemistry was largely ignored as it was believed that it did not 
have significant reactivity to be of any industrial relevance [120]. Au particle size plays an 
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important role in its reactivity as a catalyst. Recently, it was shown that Au particles with 
dimensions less than 2 nm have significantly improved catalytic ability [121]. It has been 
noted that the responses of Au/WO3 film based sensors to H2 are more stable and linear as 
compared to Pt/WO3 films, yet there are relatively few studies which discuss the Au–H2 
interaction as compared to the other catalytic metals [122]. Ando et al. [37] investigated 
gasochromic properties of WO3 films using Au, Pt and Pd catalysts in response to H2 in the 
optical domain. It was observed that the absorbance response changed at visible and IR 
wavelengths upon exposure to H2 (1% concentration) at an operating temperature range of 
200–250 °C when Au or Pd were the catalysts. Nanoparticles (NPs) of noble metals, such as 
platinum (Pt) [123] and palladium (Pd) [124] are frequently employed in hydrogen sensing. 
Recently, relatively cost effective coinage group metals, such as silver (Ag) [125] and copper 
(Cu) [126, 127] have been also proposed as key catalytic ingredients. 
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2.4. Conclusions 
 
Table 2.2 Table of metal oxides employed during this PhD research and list key attributes 
Metal-oxides nanostructures  
employed during candidature Key attributes 
In2O3 nanoparticles 
particles of < 5 nm (high surface-to-volume 
ratio) 
ZnO nanowires length/diameter of 1.5 µm/20 nm 
1D ZnO nanorods hexagonal shaped nanorods 
ZnO nanoflowers layers of nanorods over stacking one another 
ZnO nanosheets increased surface-to-volume ratio 
ZnO nanopyramids high surface-to-volume ratio 
WO3 nanorods evenly distributed over the surface 
WO3 nanoplatelets thickness of < 200 nm 
WO3 nanoporous uniform pores distributed over the surface 
Au/WO3 Au nanoparticles of < 2 nm on WO3 
MoO3 nanoplates thin < 30 nm and uniform 
CuO nanograin uniform nanostructures < 50 nm 
Cu2O nanograins high surface-to-volume ratio 
 
In this PhD research program, the author aims to develop highly sensitive gas sensors based 
on nanostructured metal-oxide thin films on conductometric and optical transducers. Table 2.2 
shows the detail metal oxide employed during the PhD research and their respective key 
attributes at RMIT University. Employing any type of nanostructured metal oxide in gas 
sensing will differ by the varieties of exposed surfaces to the ambient gaseous molecules [89]. 
It is also known that catalytic layer applications onto the surface of the metal oxide 
nanostructured materials will enhance the sensor response towards gaseous analytes. 
Furthermore, this attributes along with the well-defined morphology, large surface area, and 
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possess excellent gas sensing activities of the metal oxide nanostructured materials provide 
better insights in sensor operations [89]. 
 
In this chapter, a review of the available literature on conductometric based gas sensors using 
different substrates (SiO2/Si and quartz) was presented. Subsequently, the outcomes of 
previous reports on the development of nanostructured metal-oxides such as the ZnO, In2O3, 
WO3, MoO3, Cu2O and CuO based gas sensors were discussed to justify the rationale for 
proposing the structures to be developed in this thesis work. 
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3.1. Introduction 
 
As mentioned earlier in Chapter 2, conductometric based sensors were employed 
throughout the PhD program as well as optical based sensing platforms. In conductometric 
platform, different analytes such as C2H5OH, H2, and NO2 were used. H2 gas was 
employed as the target analyte during most of the optical sensing measurements. In this 
chapter, the design and fabrication procedures of the transducers used in this thesis were 
explained in details.  
 
There are many steps involved in the fabrication of such devices especially 
conductometric transducers, which include deposition of metal layers, photolithography 
and chemical etching. These stages are highly crucial as any defect in the fabrication stage 
can lead to an irreversible error which requires repeating the entire process. The author 
will first outline the fabrication of conductometric device in Section 3.2. Subsequently in 
subsection 3.2.3 the author provides the parameters of the fabricated conductometric 
transducers. As for optical transducer, the author will combine the explanation of the 
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fabrication technique and device parameters in Section 3.2.1.2. This is due to the similar 
process on the early stages of fabricating conductometric transducers except for 
photolithography. Section 3.3 provides the conclusions of the chapter. 
 
3.2. Conductometric Transducers Fabrication 
 
This section explains the platforms employed for sensing layers for both the conductometric 
and optical measurement. In this PhD project, the only consideration that was taken was when 
selecting the type of substrate for the absorbance in the optical gas sensing experiments. 
 
It is well known that metal oxide based semiconducting sensors require an elevated 
temperature (200 – 600 °C) for optimum operation [1]. The selection of substrate is also 
considered to be one of the most important aspects prior for the growth of nanostructured thin 
films. This is due to the lattice parameters and crystal structure differences between the 
material and the substrate strongly affects the nanostructured films. Possibility of having a 
lattice mismatch between the material and substrate could cause internal stresses causing poor 
data collected during the measurements. This produces disorders dominantly through the 
increase in the grain boundary density and thereby decreases in the crystallite size [2]. 
Therefore, in this project, the author fabricated different nanostructured thin films employing 
different conductometric substrates and blank quartz substrate as well as considering various 
deposition techniques. 
 
3.2.1. Wafer Cleaning 
 
Cleaning process during sample preparation is one of the most critical as well as an 
important part of the fabrication procedure. Using class-1000 clean room facilities, the 
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surface of the 75 mm (3 inches) quartz and Si substrates were thoroughly cleaned prior to 
metal layer deposition. This is to ensure contaminants such as particles or dusts must not 
occur in between metal layers and wafer. Therefore this step is significant to a final 
success of the IDT patterning. In order to obtain good edge definition of the metallic thin 
films used to form the IDT patterns, a uniform metallic film with high adhesion is 
required. Initially, the wafers were ultrasonically bathed in acetone for five minutes to de-
grease the wafer and enhance the adhesion of metallic film. Subsequently, the wafer was 
then rinsed in isopropanol (IPA) followed by methanol (MeOH) for several minutes. Once 
completed, it was rinsed with deionised (DI) water to remove the acetone, IPA or MeOH. 
Finally, the cleaned wafer was blown to dry in a flow of compressed nitrogen (N2). To 
confirm that the wafer was cleaned and ready for metal layer deposition, a thorough visual 
inspection was conducted under microscope. The cleaning process was repeated to see if 
any dust of particles were found on the wafer. Cotton swabs with MeOH were used to 
clean and remove any additional particles contaminations. 
 
3.2.2. Metallization of Wafers 
 
Gold (Au), chromium (Cr) or titanium (Ti) metallization layers were deposited on the wafers 
using BalzersTM electron beam evaporator. Au with a thickness of 100 nm was chosen for 
IDTs patterns as it is known to be highly inert to most analytes as well to provide high 
conductivity. A 50 nm thick of Cr or Ti was deposited in between the Au and the chosen 
substrates to promote the adhesion of the Au to the surface. 
 
In this metallization section, 2 types of metallization will be discussed. Metallization of quartz 
and glass will be placed into 1 section where as silicon will place in the following section. 
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3.2.2.1. Metallization of Quartz and Glass Wafers 
 
In the metallization of quartz and glass wafers, a 50 nm thick of Cr which followed by a     
100 nm thick layer of Au metal was deposited employing BalzerTM. Prior to these depositions, 
the wafers were thoroughly cleaned with acetone followed by IPA and finally with DI water. 
The wafers were later blown to dry with a flow of compressed N2 and placed on top of a hot 
plate set at 110 °C for 5 minutes. This latter part was done remove any unwanted moisture 
content occurring on the surface of the wafers. 
 
3.2.2.2. Metallization of Silicon Wafers 
 
In this section, metallization was done differently if compared to the one in the previous 
section. Here, silicon (Si) wafers were thoroughly cleaned employing the methods mentioned 
in the previous section. This is also followed by blow drying with N2 and later heated to 
remove any possible moisture. Prior to metallization of the silicon wafer, a layer of silicon 
dioxide (SiO2) of 300 nm thick was deposited onto the surface. The purpose of this deposition 
is to make sure that any change in resistance detected between the contacts originates from the 
resistance variations of any future film being deposited onto this type of substrate and not the 
underlying Si. 
 
3.2.3. Photolithographic Mask and Photolithography 
 
A process of transferring the mask pattern onto the wafers is called photolithography. Existing 
mask of the IDTs size designed by other researchers from RMIT’s Sensor technology 
laboratory were employed. The design of IDTs structures were written in computer scripts for 
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Agilent ADS software package in layout mode and the designed parameters used in this 
research are presented in Table 3.1. The designed masks were fabricated on quartz substrates 
for the photolithography process. 
 
Table 3.1 Parameters of conductometric transducers fabricated using quartz and SiO2/Si 
substrates. 
IDT Metallization Layer Cr/Au : 50/100 nm 
Electrode pairs 2 
Finger pair 8 
Spacing between fingers 50 μm 
 
At first, the metallization layer surface was cleaned thoroughly by employing the same 
method described in Section 3.2.2. Once the cleaning process completes, the wafer was placed 
on a hot plate for 2 minutes (soft baking) to eliminate any leftover surface moisture. This is 
necessary to eliminate any air pocket underneath the photoresist during spin coating. Once 
cooled at room temperature for 5 minutes, the wafer was placed on spin coater device (Karl 
Süss RC8) for the deposition of a 0.5 μm thick AZ1512® photoresist. A positive photoresist 
AZ1512® was utilized due to its ability to become soluble in developer upon exposure to UV 
light. The metallised surface of the sample was deluged with photoresist AZ1512®, and then 
spun at 3000 rpm for 30 s to obtain a uniform layer of the photoresist with approximate 
thickness ~ 0.5 μm. After that, the soft baking process was performed at 90 °C for 20 minutes. 
This is necessary to harden the photoresist by forming a cured film. After soft baking, the 
coated wafer was cooled at room temperature for approximately 10 minutes. A Carl Suss 
MRK-3 mask aligner was used for transferring the mask pattern onto the metalized samples. 
The cured photoresist film was exposed to the UV light source for approximately 12 s. 
However the exposure time could be varied between 8 to 15 s, depending on the UV power 
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intensity. The placement of the photolithographic masks were designed and fabricated to 
pattern the substrates samples with the IDT designs. 
 
 
Figure 3.4: Conductometric and optical transducers fabrication steps. 
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3.2.4. Developing  
 
The exposed wafer was subsequently developed in a mixture of AZ-400® developer and DI 
water in a ratio of 1:4 for 15 - 30 s. The samples were then washed with DI water to remove 
any excess developer solution. Great care should be taken at this stage as under- or over 
developing the photoresist layer will degrade the IDT finger structures. In confirming a 
successful developing process, the wafers were inspected using an optical microscope to 
search for any defects. Once confirmed to be successful, the developed wafers were prepared 
for post bake treatment. This treatment was conducted at 90 °C for 30 minutes to assist in the 
hardening of the photoresist prior to etching. The wafer was then allowed to cool down to 
room temperature for approximately 20 minutes. 
 
3.2.5. Chemical Etching 
 
Etching processes can be categorized into physical etching (dry etching) or wet chemical 
etching (wet etching) or even by combination of dry and wet etching together [3]. Wet etching 
is a process which utilizes chemicals in the form of liquid to remove unwanted materials from 
the sample. Wet etching is considered to be highly selective and is known to cause lesser 
damage to the substrate compared to the dry etching method which means having to the 
remove of the material from a substrate through bombardment with energetic ions that etch 
the surface. 
 
In this research, wet chemical etching was employed to remove the unwanted area of 
Au/Ti/Cr metallisation on the samples. This process is highly important as any incorrect 
etching time could lead to either over or under etching of the metallised area. Subsequently, 
this would cause distortion of the electrical characteristic of the device. The etching process 
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started by etching the top metallization layer, Aqua Regia® (hydrochloric acid: nitric acid - 
HCl:HNO3 in 3:1 ratio) was employed [4]. The Au etching phase was performed at room 
temperature for a duration 30 s (100 nm of Au). Once the etching is completed, the wafer was 
immediately rinsed in DI water to remove the etchant solution from the sample. The etched 
Au surface of the wafer was later dried with N2 air from and inspected with an optical 
microscope for faults. Subsequently, depending on the metal layer employed in between Au 
metal and the substrate, another etching process was employed. To etch the Ti layer, a 
solution of hydrofluoric (HF) and DI water with a ratio of 3:97 was used [4]. If Cr metal was 
employed as metal to increase the adhesiveness between Au and the substrate, a mixture of    
5 g ceric ammonium nitrate ( ) ( )( )6324 NOCeNH , 4 mL of HNO3 and 50 mL of DI water 
solution was used [4]. The wafers were immersed in the relevant etchant for 20 s (for Ti metal) 
and 90 s (for Cr metal) or until the unwanted Ti/Cr layer was etched. After Ti/Cr layer was 
successfully removed, the wafers were rinsed under in flowing DI water for few minutes to 
remove the excess Ti/Cr etchant. Finally the wafers were dried under flowing compressed N2. 
A thorough visual inspection was performed by the author using microscope to ensure that the 
fabricated IDT was successfully developed. Later on, the wafers were spin-coated with a layer 
of photoresist layer for dicing preparation in section 3.2.2. 
 
3.2.6. Wafer Dicing 
 
After the process mentioned in the previous sections, depending on the author’s transducers 
applications, the AZ4620® coated wafer was cut into smaller pieces of 12 × 8 mm 
(conductometric transducers) and 10 × 15 or 15 × 20 mm for optical transducers. The dicing 
device employed was DISCO DAD 321 automatic dicing machine dicing saw. The dicing was 
carried out by the diamond tip blade at a speed of 0.1 mms-1 and spindle revolution of    
30000 rpm. The water flow rate was fixed at 1 Lmin-1. After dicing, the photoresist was 
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removed by cleaning the diced wafers with acetone followed by IPA and DI water. Then the 
finished substrates were blown to dry with a flow of compressed N2. At this stage, the 
fabricated substrates were ready for the deposition of the thin film materials. 
 
3.3. Fabrication of Optical Transducers 
 
In the fabrications of optical transducers, quartz and glass were used as substrates. These 
substrates were thoroughly cleaned using the cleaning methods mentioned in section 3.2.1. 
Once cleaned, the wafers were dried with compressed N2 and placed on a hot plate set to   
120 ° C for 5 minutes to remove possible moisture. Once completed, and cooled down to 
room temperature, the wafers were spin coated with a thin layer of photoresist (AZ4620®) for 
dicing. These coated wafers were placed on a hot plate for 20 minutes at a temperature set to 
120 °C. This is necessary to harden the photoresist by forming a cured protective film on the 
wafer. This step was necessary to avoid any possible damage to the fabricated transducers. 
 
3.4. Conductometric Transducer Parameters 
 
Throughout this research program, conductometric transducers were patterned on quartz, Si, 
and glass substrates. As mentioned in previous section, most of the devices were fabricated 
using the standard fabrication method. Conductometric transducers were fabricated in large 
amounts due to the large quantity used during the material depositions. A schematic 
representation of the conductometric transducers of both the quartz and Si based transducers 
is shown in Figure 3.1. 
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3.5. Optical Transducer Parameters 
 
Optical transducers used in this research were mainly quartz. Parameters of blank substrates 
used as transducers are provided in Table 3.2. 
 
Table 3.2 Parameters of optical transducers fabricated using quartz substrates 
Substrate Quartz (SiO2) 
Dimension 12 × 15 mm 
Thickness 1 mm 
 
 
3.6. Conclusions 
 
Table 3.3 Summary of transducers produced and employed during this PhD research 
Fabricated transducers  Substrate 
Conductometric SiO2/Si 
Conductometric Quartz 
Optical Quartz 
Optical Glass 
 
During this candidature, the author’s intention was to develop highly sensitive gas sensors 
using novel layered nanostructured materials. Such materials are mainly based on ZnO and 
WO3 coupled with substrates with pre-patterned IDTs. The knowledge gained from the 
critical literature review on nanostructured material based gas sensors in Chapter 2 and the 
mechanism behinds the interactions between the analytes and structures in this chapter 
supports the author’s proposition towards the quest for the development of novel structures 
Chapter 3: Conductometric and Optical Transducers Fabrications 
 
 64 
for gas sensing applications. It is believed these nanostructured materials based on ZnO, WO3 
on conductometric transducers will pave the way to develop the next generation inexpensive 
and highly sensitive commercial gas/vapour sensors for agricultural industry in Malaysia. 
This chapter demonstrated a general understanding of fabrication methods for conductometric 
and optical based gas transducers. The fabrications steps for both of the platforms were 
presented, in which the mechanism of both the conductometric and optical based sensing 
described earlier in Chapter 2. The author proposed novel layered nanomaterial based 
conductometric as well as optical gas sensors which will be presented in the following chapter. 
This next chapter will discuss fabrication techniques of the proposed nanostructured metal 
oxide thin films onto conductometric and optical based transducers as well as the sensor 
fabrications prior to characterizations and gas testing. 
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Nanostructured Material Synthesis and 
Sensors Fabrication 
 
 
4.1. Introduction 
 
Prior to this chapter, the author has introduced conductometric and optical transducers and 
discussed their basic operating principles. In this chapter, nanostructured metal oxide 
deposition and syntheses as well as the fabrication process of conductometric and optical 
devices are described. 
 
Is has been proven that different facets or surfaces of a nanostructured metal oxide have 
different geometric and electronic structure. These variations in properties results in 
different functional properties mentioned in Chapter 3 will be discussed especially in the 
field of gas/vapour sensing. For instance, ZnO nanosheets developed during this PhD 
research has proven to be sensitive towards gaseous molecules such as NO2 and C2H5OH. 
This is due to the geometric properties of the nanosheets which provide high surface-to-
volume ratio proven by the high sensitivity reported in published literatures. However, 
ZnO nanoflowers synthesized during this PhD research contains many additional layers of 
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nanosheets stacking over one another. This additional growth is believed to enhance the 
sensitivity of the sensors compared to the ones based on nanosheets. 
 
The successful physical deposition and chemical synthesis of the nanostructured metal 
oxides with morphologies such as the 1D ZnO nanorods, ZnO nanowires, nanoflowers, 
nanosheets, nanopyramids and nanorods, In2O3 nanoparticles, WO3 nanorods, 
nanoplatelets and nanocrystallines, MoO3 nanoplates and Cu2O and CuO nanograins thin 
films will be described in this chapter. Different synthesis processes were employed to 
fabricate nanostructured materials, such as the 1D ZnO nanorods which were fabricated 
employing a combination of FCVA deposited seed layer and followed by thermal 
treatment, ZnO nanoflowers and nanosheets using hydrothermal methods, ZnO 
nanopyramids and In2O3 nanoparticles using solvothermal methods, MoO3 nanoplates 
using PLD, WO3 nanocrystallines using RF sputtering and WO3 nanoplatelets and 
nanopores using acid etching techniques. The nanostructured material films were 
deposited onto the surface of the conductometric and optical transducers for which the 
fabrication procedures were explained in Chapter 3. The developed novel nanostructured 
metal oxide materials were then investigated for their structural and electrical 
characterisations which will be described in Chapter 5 and 6, respectively. Additionally, 
for general understanding, of the fundamentals film growth and methods for achieving 
nanostructured materials are presented in this chapter. 
 
Section 4.2 describes the basics for film growth, followed by an overview of different 
methods to achieve nanostructured materials in Section 4.3. In Section 4.2.1, synthesis 
and deposition of ZnO nanostructures are given. Synthesis and deposition of In2O3 
nanoparticles are given in Section 4.2.2. This is followed by Section 4.2.3 and Section 
4.2.4 which describe the syntheses (physical and chemical) and fabrications of WO3 and 
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MoO3 nanostructures, respectively. In Section 4.3.5, fabrication of Cu2O and CuO 
nanograins will be discussed and followed the deposition methods of nobel metals 
employed during this study in Section 4.3.6. 
 
4.2. Synthesis and Deposition of Nanostructured 
Materials 
 
Thin film growths depend on the interaction of the atom/molecules as they impinge to the 
substrates surface. Some of the growths mechanisms include the Stranski-Krastonov mode 
(multi-layer growth mode) and the Volmer-Weber mode (hetero-epitaxial growth mode) [1, 2]. 
These growth models often lead to the nucleation of nanostructured dimensions and sizes as 
described below. 
Nanostructured materials are those with at least one dimension in the nano-scale range      
(100 nm or less). They can be classified into different categories depending on the number of 
nano-sized dimensions [3]: 
• Zero-dimensional nanostructures: nanoclusters; 
• Mono-dimensional nanostructures: nanorods or nanowires; 
• Two-dimensional nanostructures: thin films. 
Nanostructured materials are expected to demonstrate unique mechanical, optical, electronic 
and magnetic properties substantially different from those observed for the bulk counterparts 
due to the high surface to volume ratio, change of surface energy [4] and comparable 
dimensions with Debye length (λD) [5]. In order to investigate novel physical and chemical 
properties and phenomena and potential applications of these nanomaterials, the synthesis and 
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characterisation with desired size, morphology, crystal structure and orientation as well as 
chemical composition are essential aspects in nanotechnology. 
 
Many approaches have been developed and applied for the synthesis and deposition of the 
nanomaterials. The two most common types are known as “top-down” and “bottom-up” 
approaches and both play very important roles in nanotechnology and have advantages and 
disadvantages [3, 4, 6]. 
 
The top-down approach is considered when the bulk dimensions of a material are reduced 
until nanometre size features are produced [3]. Milling and photolithography are most 
common top-down methods. The bottom-up approach is that by which a material is built-up 
from the bottom atom-by-atom, molecule-by-molecule, or cluster-by-cluster [3]. Crystal 
growth is a bottom-up approach, where growth species such as atoms, ions or molecules, after 
impinging onto the growth surface and assemble into crystal structure layer by layer. The 
bottom-up approach has received great emphasis in nanotechnology literature. This method 
has shown the potential to obtain nanostructures with less defects and more homogeneous 
chemical composition. 
 
In this PhD research program, different techniques such as anodization, thermal 
evaporation, radio frequency (RF) sputtering, thermal decomposition method, 
solvothermal, hydrothermal and acid-etching have been applied for the syntheses of the 
nanostructured materials. All of the material characterisations and gas sensing 
performance of the nanostructured materials described herein will be later presented in 
Chapters 5 and 6, respectively. 
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4.2.1. Synthesis and Deposition of ZnO 
Nanostructures 
 
Among the semiconductor metal oxides, zinc oxide (ZnO) is the most widely applied metal 
oxide especially as gas sensing material due to its high mobility of conduction electrons and 
good chemical and thermal stability [1, 2, 7, 8]. Various forms of ZnO such as single 
nanowire, thick films, thin films, and heterojunctions are used for gas sensing [9-12]. 
Numerous sensors for gases/vapours such as H2, NO2, methanol, C2H5OH, H2S, CH4, and 
CO have been reported [7, 13-19]. 1D ZnO nanorods based thin film gas sensors have been 
studied by a number of researchers who reported that enhanced performance was achieved 
compared to their bulk and coarse micro-grained ZnO sensor counterparts [6, 20, 21]. 1D ZnO 
nanorods have been obtained by numerous methods, including RF sputtering [22, 23], 
chemical and physical vapour deposition [24, 25], metal organic chemical vapour deposition 
(MOCVD) [26], pulsed laser deposition [20], as well as electrochemical [21] or hydrothermal 
processes [27, 28]. In the hydrothermal method, a ZnO seed layer was pre-deposited for the 
growth of well-aligned nanorods. Several studies report on seed layers prepared by RF 
sputtering, spray pyrolysis, pulse laser, dip coating, or spin coating [1, 29-33]. 
 
Recently, a great deal of attention has been devoted to the development ZnO nanostructures 
due to that it can be used in the diverse range of applications, which include, but not limited to; 
gas sensor technologies [31, 34-36], nanostructured templates [37, 38] and solar cell 
development [26, 39, 40]. ZnO nanostructures can be synthesized in different morphologies 
such as nanodots, nanorods, nanowires, nanobelts, nanotubes, nanobridges and nanonails, 
nanowalls, nanohelixes, mesoporous single-crystal nanowires, and polyhedral cages [41, 42]. 
These ZnO nanostructures can be deposited onto substrates via a number of different 
Chapter 4: Nanostructured Material Synthesis and Sensor Fabrication 
 
 69 
processes including molecular beam epitaxy [43], thermal evaporation [44], chemical vapour 
deposition [45], thermal decomposition of chemical solutions [46], successive ion layer 
adsorption reaction (SILAR) deposition [47], and radio frequency magnetron sputtering [23]. 
Among these numerous deposition techniques, the solution methods are one of the most 
versatile, cost effective, and low temperature synthesis [48]. 
 
In this PhD research, four different methods: thermal decomposition, SILAR, solvothermal 
and hydrothermal growth were used for the synthesis of ZnO nanostructures. In subsections 
4.3.1.1, 4.3.1.2, 4.3.1.3 and 4.3.1.4 the fabrication of nanostructured ZnO employing SILAR, 
thermal decomposition, hydrothermal and solvothermal synthesis methods will be explained 
in detail, respectively. 
 
4.2.1.1. ZnO Nanowires: SILAR Technique  
 
In this work the sensors were fabricated were made using the quartz based conductometric 
transducers. Prior to seed layer deposition, the transducers were cleaned in an ultrasonic bath 
with acetone then ethanol for 30 minutes and dried with N2 at room temperature. To prepare 
for nucleation site for the growth of ZnO nanowires, the transducers were coated employing a 
technique called the successive ion layer adsorption reaction (SILAR) deposition. ZnO 
seed/nucleation layer was formed onto the quartz surface by alternately dipping it into hot 
water bath kept at a constant monitoring of 95 ± 2 °C and ammonium zincate (NH4)2ZnO2 
bath kept at room temperature [47]. It is believed that the seed layer initiates nucleation sites 
for the ZnO nanowires and at the same time improves the directionality and uniformity of the 
nanostructured arrays. Furthermore, it also provides the foundations of the thin ZnO 
protective film. Each dipping cycle consists of immersing the quartz substrates into the hot 
water bath for 2 s and another dip into the (NH4)2ZnO2 bath for 2 s. Every cycle will create a 
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layer of approximately 0.2 µm thick of ZnO. The whole process of dipping was repeated for 
100 cycles in order to create a layer of 200 µm ZnO. Once finished, the coated substrate with 
ZnO seed layer were rinsed with distilled water cleaned in an ultrasonic bath to remove any 
possible contaminants and dried with a stream of N2 gas. Finally, fabrication of ZnO 
nanowires onto the quartz substrate containing ZnO seed layers were synthesized using an 
equimolar solution of zinc nitrate hexahydrate (Zn(NO3)2.6H2O) and 
hexamethylenetetramine (HMT) mixed together with 200 mL of distilled water in a sealed 
reaction vessel which was heated at the temperature of 80  °C for 16 hours shown in Figure 
4.4. 
 
 
4.2.1.2. 1D ZnO Nanorods: Thermal Decomposition 
Technique 
 
In this work, ZnO nanostructured arrays were grown on 8 × 12 mm2 alumina and quartz 
substrates using thermal decomposition method growth method [48]. From the numerous 
deposition techniques available, the author has investigated the aqueous growth of ZnO 
nanostructures from the hydrothermal decomposition of an equimolar 
Zn+2/hexamethyleneteramine (HMT) solution, as it is one of the most versatile and cost 
effective methods of synthesis nanostructured ZnO arrays [48]. This method is inexpensive, 
simple, and environmentally friendly. Additionally, it is compatible with existing 
semiconductor processing technologies and can be easily scaled to suit commercial 
applications. Recently, Breedon et al. [30] have grown ZnO nanostructures on ZnO seed layer 
which was deposited using spray pyrolisis technique employing the similar thermal 
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decomposition method. They could produce interconnected nanowires with dimensions in the 
nanometre (nm) scale. 
 
However, seed layers deposited using these methods have more than one crystallographic 
phase and are not uniform. As a result, hydrothermally grown nanorods from these seed layers 
have multiple crystallographic phases. The presence of single crystallographic phase on the 
seed layer is required for the growth of 1D ZnO nanorods during hydrothermal process. To 
the best of authors’ knowledge, this is the first report to grow 1D ZnO nanorods employing 
filtered cathodic vacuum arc (FCVA) deposited ZnO seed layer with single crystallographic 
phase (002) using a hydrothermal method. The advantage of FCVA (schematic shown in 
Figure 4.1) deposition technique is that the energy of the depositing species can be controlled 
using substrate bias. In this work, conducted at the School of Applied Physics, RMIT 
University, the author have successfully grown ZnO seed layer with single crystallographic 
phase by tuning the substrate bias voltage. The response of the ZnO nanorods-based sensor 
towards various concentrations of ethanol is reported. The performance of the sensor was 
investigated at different operating temperatures ranging from 200 to 330 °C.  
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Figure 4.1: Schematic of the filtered cathodic vacuum arc (FCVA) deposition system. 
 
Prior to the ZnO nanostructured arrays growth, the transducers were filtered vacuum arc 
deposited (FCVA) with a 50 nm ZnO nucleation layer. This nucleation layer provides an 
abundance of nucleation sites for the ZnO nanorods, and improves uniformity and 
directionality in the growth of nanostructured arrays. During deposition the Au pads for 
electrical contacts on the surface were covered with a mask. Deposition was also conducted 
onto the alumina substrate for a joint collaboration with University of Bayreuth, Germany. 
The developed alumina substrate has IDTs with 30 µm line/space. Since such fine-line 
printing is not possible using standard thick-film technique, the IDT electrodes were prepared 
by laser patterning of fired gold film. Applications of frequency-tripled Nd:YAG laser with 
wavelength of 355 nm and beam diameter of 20 µm allows to obtain clean and precise cut as 
described in which was fabricated [49]. The FCVA deposition conditions of the nucleation 
layer was done by employing a 99.9% pure zinc (Zn) cathode at an arc current of 40 A and a 
base pressure less than 2 × 10-5 Torr. The cathodic arc deposited samples were mounted on a 
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metallic substrate holder which was supported on a variable temperature heater capable of 
maintaining a temperature of up to 600 °C. A stainless steel mesh was placed between the 
source and the substrate and connected to a regulated DC power supply, allowing the control 
of the mesh bias voltage. The mesh consisted of 0.45 mm diameter steel wires with open areas 
of 0.8 × 0.8 mm2. It was placed 11 mm in front of the substrate. The plasma flow direction 
was perpendicular to mesh and substrate. In FCVA, the depositing flux is almost 100% 
ionized so that the energy of the depositing species can be controlled using a substrate bias. In 
this experiment, mesh bias was used instead of direct substrate bias as alumina is insulating. 
During deposition, the oxygen partial pressure was maintained constant at 1.15 mTorr with a 
substrate temperature of 200 °C and a mesh bias voltage of −100 V. The thickness of the 
deposited films was measured using a Tencor P−16 profilometer and found to be 20 nm 
(approx.). The ZnO seed layer serves as a nucleation site during the chemical synthesis. 
 
Nanostructured arrays of ZnO were grown in a sealed reaction vessel via the hydrothermal 
decomposition of 10 mM HMT and zinc nitrate hexahydrate (Zn(NO3)2·6H2O) solutions in a 
modified process [30], which was first described by Vayssieres [48]. In this process, the 
cleaned FCVA deposited samples were placed into a sample holder inside a reaction vessel 
filled with the growth solution. The vessels (Figure 4.4) were sealed at room temperature, and 
then placed inside a standard laboratory grade oven for 16 h at 80 °C. Afterwards, the samples 
were removed and washed with DI water to remove any residual zinc salts and dried in a 
stream of N2. Figure 4.2 shows the schematic diagram of the experimental set-up to grow 1D 
ZnO nanorods arrays. After the deposition, the ZnO nanorods arrays were characterised by 
different techniques such as SEM, XRD, and TEM which will be presented in next chapter. 
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Figure 4.2: A schematic representation of the deposition method configuration of ZnO 
nanorods. 
 
 
Figure 4.3: Thermal decomposition growth apparatus employed by author. 
 
4.2.1.3. ZnO Nanoflowers and Nanosheets: 
Hydrothermal Technique 
 
All chemicals used in this synthesis were of analytical reagent grade and were all purchased 
from Sigma-Aldrich Co. Ltd. The ZnO 3D porous structures were prepared by a two-step 
procedure: i) the synthesis of basic zinc carbonate (BZC), and ii) the thermal decomposition 
of BZC. For the synthesis of flower-like structures, 1 mmol (0.3 g) of Zn(NO3)2∙6H2O was 
dissolved in 30 mL 0.5 M urea aqueous solution. After sonication, the mixed solution was 
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transferred into a 50 mL Teflon-lined autoclave and kept at 90 °C for 12 h. After reaction, the 
reactor was cooled down to room temperature naturally. The white precipitate was filtered 
and rinsed with DI water several times. The obtained precursor was dried in vacuum oven at 
60 °C overnight, and then heated at 400 °C for 4 h to obtain the final products. 
Table 4.1. Reaction table for the preparation of ZnO porous structures and their morphologies. 
Sample name Zn2+ - (M) Urea - (M) Morphology Average size 
F1 0.008 0.120 flower 5 µm 
F2 0.016 0.240 flower 10 µm 
F3 0.033 0.495 flower 15 µm 
F4 0.066 0.990 flower 20 µm 
F5 0.033 0.033 grass __ 
F6 0.033 0.165 grass, flower __ 
F7 0.033 0.330 grass, flower 10 µm 
 
4.2.1.4. ZnO Nanopyramids: Solvothermal Technique 
 
During the study, the author with Queensland University Technology joint collaboration also 
employed several different types of ZnO nanostructures synthesized using the solvothermal 
method (Figure 4.5). The synthesis method is well known to successfully control the growth 
and sizes of the favoured nanostructures. Aqueous as well as non-aqueous syntheses have 
been widely employed to control nanostructures growth at low temperatures [50]. These 
techniques are known to be capable of creating ZnO morphologies of different shapes and 
size [35, 51-54]. Some of ZnO nanostructures that have been successfully developed 
employing these techniques include nanowires [55], nanorods [54, 56], nanofibres [57], 
nanotubes [58], nanoplates [54], nanobullets [54], and nanoparticles [59]. In this study, ZnO 
nanopyramids were synthesized employing a non-aqueous benzylamine route with the aim of 
producing nanostructures with a narrow range morphological sizes and shapes. Furthermore, 
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with respect to gas sensing or catalysis applications, the low amount of organic impurities 
imbued by this method was a particularly important consideration and necessary in order to 
gain good accessibility of the nanostructure surface [60]. 
 
 
Figure 4.4: Solvothermal synthesis apparatus at QUT, Brisbane. 
 
For the synthesis of ZnO nanopyramids, anhydrous zinc acetate (Zn(CH3COO)2, Sigma-
Aldrich, 99.99%), benzyl ether ((C6H5CH2)2O, Sigma-Aldrich, 98%), and benzylamine 
(C6H5CH2NH2, Sigma-Aldrich, 99%), were purchased from Sigma-Aldrich Chemical 
Corporation and used as received without further purification or distillation. All synthetic 
procedures were conducted under nitrogen atmosphere using standard Schlenk technique [61]. 
ZnO nanopyramids were prepared by aminolysis reaction between zinc acetate and 
benzylamine in benzyl ether solution. Typically, anhydrous (Zn(CH3COO)2 (0.915 g, 5 
mmol), C6H5CH2NH2 (5.35 g, 50 mmol) and (C6H5CH2)2O (20 mL) were added into a 100 
mL round bottom flask. Then the mixture was stirred and heated at 180 °C for 24 h. After 
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reaction, the solution was cooled to room temperature and the white precipitate was separated 
by centrifugation. The resulting white powder was washed several times with ethanol and 
dried in vacuum oven at 90 °C for 12 h. The chemical reaction believed during the aminolysis 
reaction is provided in Figure 4.5. 
 
 
Figure 4.5: Proposed aminolysis mechanism of ZnO nanopyramids by the reaction between 
zinc acetate and benzylamine. 
 
4.2.2. Synthesis of In2O3 Nanoparticles: 
Solvothermal Method 
 
There are many techniques to form In2O3 nanostructures such as chemical vapour deposition 
(CVD), aerosol-assisted evaporation and hydrothermal synthesis [62-66]. Out of them, non-
aqueous synthesis has been a popular technique to form nanoparticles [65]. However, In2O3 
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nanoparticles obtained from the aminolysis reaction between indium acetate (In(OAc)3) and 
benzylamine (PhCH2NH2) at 180 °C have not been reported in literature [65, 67]. In this 
work, the synthesis of In2O3 nanoparticles were employed using benzylamine as a structure-
directing and size controlling agent in the one-step solvothermal procedure which was shown 
in Figure 4.4. The chemical reaction during the aminolysis reaction is in provided in Figure 
4.6. 
 
 
Figure 4.6: Proposed aminolysis mechanism of the In2O3 nanoparticles believed to occur 
during reaction between indium acetate and benzylamine. 
 
4.2.3. Synthesis and Deposition of WO3 
Nanostructures 
 
Tungsten trioxide (WO3) is one of the most extensively studied and the most promising 
electrochromic material [68-72]. Its ability to sustain reversible and persistent changes in 
optical properties with an applied voltage was first observed in 1973 by Deb [73]. The 
variation of optical properties of WO3 from transparent to dark was found primarily in 
disordered films [73-76]. This reversible variation in optical properties is caused by the 
change of colour due to the injection/extraction of ions and electrons in the films [71]. Since 
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then, extensive technological developments have been carried out on this material particularly 
for smart window applications [69]. In 1992, Ito et al. [72] reported for the first time the 
potential of WO3 for gasochromic applications. 
 
Recently, a great deal of attention has been drawn to investigate tungsten trioxide (WO3) due 
to its interesting properties such as electrical, optical, defect and structural properties [77]. 
WO3 has been widely used in many applications including gas sensors [78-81], 
electrochromic devices [75, 82-84], and batteries [85, 86]. Research has shown that 
nanostructured form of the WO3 films can increase efficiencies in some applications such as 
gas sensors [78, 80, 87], smart windows [82, 88] and displays [89] due to their enhanced 
surface-to-volume ratio. To date, a number of techniques for the synthesis of nanostructured 
WO3 films have been developed and employed such as chemical vapour deposition (CVD) 
[90], electro-deposition [91], sol-gel [92], thermal evaporation [93], electron beam 
evaporation [94], RF sputtering [95] and liquid synthesis such as anodization [96] and high-
temperature acid-etching [97] techniques. Among these methods, the high-temperature acid-
etching is a fast, inexpensive synthesis process, which was first reported by Widenkvist et al. 
[97]. This process can be applied to produce nanostructured WO3 on large substrate areas. 
 
In this PhD research, nanostructured WO3 thin films were synthesized employing five 
different techniques: anodization, acid etching, two types of RF sputtering (conventional and 
GLAD method) as well as PLD. In subsections 4.2.3.1, 4.2.3.2, 4.2.3.3, 4.2.3.4 and 4.2.3.5 the 
fabrication of nanostructured WO3 respective to the deposition techniques mentioned 
previously are described. 
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4.2.3.1. WO3 Nano-platelets: Anodization Method 
 
Among the reported techniques for synthesis of nanostructured WO3 films, electrochemical 
anodization in organic acids at room temperature produces well-ordered morphologies [83, 
98]. To the best of authors’ knowledge, there is no report in literature regarding the gas 
sensors based on anodized WO3. In this work, we obtained nanostructured WO3 films by 
using inorganic acids such as nitric acid (HNO3) and sulphuric acid (H2SO4) during 
anodization at elevated temperature of 55 °C because it was impossible to fabricate the 
nanostructured WO3 films with these acids at room temperature. We also developed 
conductometric sensor based on these films. The sensor with anodized WO3 in HNO3 
responded towards H2 with concentrations as low as 0.06%. Figure 4.7 shows the authors 
illustration of the anodization techniques schematic conducted at RMIT University facility. 
 
 
Figure 4.7: Anodization techniques and apparatus. 
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4.2.3.2. WO3 Nanoplatelets and Nanoporous: Acid 
Etching Method 
 
This development of the WO3 employing the acid etching method was based on the 
modifications as well as applications of additional weak acids as etching media. The first 
developed technique was developed by a simple process in which tungsten (W) substrate is 
immersed in HNO3 solution at elevated temperature, resulting in the formation of 
nanostructured film of WO3·xH2O (hydrated tungsten oxide). Subsequently, the WO3·xH2O 
film is annealed at high temperature to obtain anhydrous WO3 nanostructures. They used 
tungsten foil (99.95%) for the synthesis of the WO3 nanostructures. The developed thin films 
were composed of plate-like WO3 crystals with the edges directed out from the substrate 
surface. They investigated the effects of the deposition parameters such as acid concentration, 
temperature and immersion time on the shape and size of the plates. They found that the most 
important factor influencing the microstructure and shape of the tungstite crystallite is the 
deposition temperature. Figure 4.8 shows the fabrications steps of the synthesizing the WO3 
nanostructures employing the acid-etching synthesis. A detailed schematic from the image in 
Figure 4.8c is provided in Figure 4.9. 
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Figure 4.8: Fabrications steps of the WO3 nanostructures onto conductometric transducers. 
 
 
Figure 4.9: Acid etching method and apparatus. 
 
In this experiment, the author employed additional acid such as H2SO4 and phosphorus acid 
(H3PO4) along with the HNO3 as the etching media. 
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Table 4.2. Parameters used in etching W films on conductometric transducers. 
 Molarity (M) Etching temperature (°C) Duration 
HNO3 1.5 50 45 
H3PO4 1.5 50 45 
H2SO4 1.5 50 45 
 
 
The annealed synthesized WO3 thin films characterised and analysed by SEM, XRD, and 
XPS revealed that the films consist of nanocrystallite with a regular plate-like shape. Chapter 
5 will present characterisations of the developed WO3 nanostructures in detail. 
 
WO3 nanoplatelets formations were obtained employing HNO3 and H2SO4 but the 
morphology and characteristics are different. Both types of nanoplatelets synthesized using 
the acids were differentiated and characterized using the acid etching technique. Meanwhile, 
by employing H3PO4, according to the specification mentioned in the Table 4.2, WO3 
nanoporous was obtained. 
 
Characterization results of the synthesized WO3 nanostructures employing this method will 
be provided in Chapter 5, Section 5.3.3.2. 
 
4.2.3.3. Nanotextured WO3: RF sputtering  
 
Even though WO3 is known to be sensitive towards ozone (O3) and nitrogen oxide (NOx), the 
metal oxide is not selective towards H2 [99]. Each transparent substrate has unique surface 
conditions. Therefore, the WO3 films sputtered on the different transparent substrates will 
have different morphologies. The fact that the different film morphologies have different 
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surface-to-volume ratios that alter surface interactions with the gas analytes [100] provides 
interesting analyses that may be performed on the gasochromic performance of the WO3 films. 
Figure 4.10a shows that RF sputtering system here at RMIT University as well as the circuitry 
schematic in Figure 4.10b. 
 
 
Figure 4.50: (a) RF sputterer at RMIT University and (b) the schematic of the system. 
 
Table 4.3. The parameters of the RF sputtered WO3 thin films 
Parameter Specification 
Target to substrate distance (cm) 7.0 
Sputtering power (W) 80 
Process gas (%) 90% O2 / 10% Ar 
Process pressure (Torr) 2 x 10-2 
Deposition rate (nm/min) 5 
Substrate temperature (°C) 100 and 260  
Sputtering duration (min) 10 
 
(b) 
(a) 
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Table 4.4. The parameters of the RF sputtered W thin films 
tungsten 
target 
purity 
sample to 
target 
distance 
(mm) 
base 
pressure 
(Torr) 
pressure 
during 
deposition 
(Torr) 
gas (%) 
substrate 
temperature 
(°C) 
RF 
power 
(W) 
thickness 
(nm) 
99.95% 65 10−5 2 × 10−2 Argon (100) 300 80 200 
 
Characterization results of the deposited WO3 nanostructures employing the RF sputtering 
method with specifications given in Table 4.4 above will be provided in Chapter 5, Section 
5.3.3.3 and 5.3.3.4 after additional catalytic layers (Au) were loaded onto the surface. 
 
4.2.3.4. WO3 Nanorods: RF Sputtering - GLAD  
 
WO3 based gas sensors were fabricated by RF sputtering with GLAD technique. This 
deposition was conducted in collaboration with NECTEC, Pathumthani, Thailand. Here, the 
WO3 nanostructured films were sputtered onto pre-fabricated interdigitated electrodes (IDT) 
made of SiO2/Si based substrates. Thin layers of SiO2 (~300nm), Cr (~50 nm) and Au     
(~100 nm) films were successively electron-beam evaporated onto the Si substrates. Once 
these steps completed, standard photolithographic patterning process was applied to obtain 
IDT. The Au/Cr IDTs contained 8 finger pairs with spacing of 50 μm. Prior to WO3 
deposition, the fabricated transducers were cleaned successively with acetone and IPA under 
ultra-sonication and dried in a flow of compressed N2. Once ready, the samples were attached 
on a substrate holder and then loaded into the deposition chamber. 
 
WO3 nanorods were deposited in a variable angle RF magnetron sputtering system. The 
sputtering target was a 3-inch tungsten disc with 99.995% purity (K.J. Lesker). The distance 
from the target to substrate centre and the substrate rotation were set at 7 cm and 30 rpm, 
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respectively [101]. The substrate normal was positioned at an angle (α) of 85° with the respect 
to the vapour incident flux (the vertical axis). The chamber was evacuated by rotary and turbo 
molecular pumps (Pfeiffer Inc.) while the vacuum pressure was continuously monitored with 
Pirani and Penning pressure gauges to a base pressure of 5.6 × 10-6 mbar. W target was then 
reactively sputtered in a mixture of 99.999% argon (Ar) and 99.999% oxygen (O2) at 
controlled flow rates of 9.6 and 11.0 sccm, respectively. The plasma discharge was generated 
at a constant RF power of 200 W at a sputtering pressure of 5.0 × 10-3 mbar. The film 
thicknesses were varied by changing sputtering time from ½ to 2 hours. The samples 
deposited at ½, 1, and 2 hours were labelled as W1, W2 and W3, respectively. The fabricated 
samples containing tungsten oxide based thin films later were then annealed in air at 450 °C 
for the duration of 2 hours with a ramp up/down of 2 °C/min. 
 
Characterization results for the RF sputtered WO3 thin films using the GLAD technique will 
be given in detail in Section 5.3.3.6. 
 
4.2.3.5. WO3 Nanorods: PLD 
 
In this experiment, the author’s group deposited the nanostructured metal oxide employing 
argon fluoride (ArF) excimer laser. ArF excimer laser has the wavelength of 193 nm which is 
the shortest wavelength used for the fabrication of semiconductor oxides thin films. Figure 
4.11 and 4.12 shows the camera images of the PLD system and the schematic diagram of the 
PLD system, respectively. This system was employed by the author’s collaborator: Prof. 
Joonhee Kang from the University of Incheon, Republic of Korea.  
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Figure 4.61: A photo of the pulsed laser deposition (PLD) apparatus at the University of 
Incheon, Republic of Korea. 
 
By optimizing the deposition parameters, the desired surface morphology and crystallinity 
structures of thin films were achieved. The laser beam path in air and target-to-substrate 
distance was minimized to 67.5 cm and 35 mm due to significant energy loss experienced in 
air. The optimum incident laser power was 80 mJ/pulse when the laser pulse rate was fixed at 
5 Hz. The high vacuum cryo-pump in PLD system was able to achieve the base pressure of 
10-7 Torr. During the deposition, the oxygen pressure was set at 200 mTorr and the target was 
rotated at an angular speed of 9 rpm to obtain uniform films. To enhance the uniformity of the 
film the substrate was also rotated at an angular speed of 5 rpm. The samples were annealed 
for 4 hours at 400 °C with a ramp up/down of 2 °C/min.  
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Figure 4.72: A schematic diagram of the PLD system (a) used in this work (b) a photo image 
of the deposition in progress. 
 
4.2.4. Synthesis and Deposition of MoO3 
Nanostructures  
 
MoO3 is also known as having a catalytic behaviour for the oxidation of hydrocarbons. 
Recent discoveries achieved in the chemical sensing field by employing MoO3 thin films 
have drawn much interest from researchers [102, 103]. Nanostructured thin film forms of this 
material are well known to be able to improve gas sensing properties [104, 105]. Controlled 
growth, surface structure, chemical composition, and electronic properties are quite important 
for the fabrication of thin films. However, the low melting temperature of MoO3 affects the 
good crystalline formation of regular nanostructures.  
 
(a) 
(b) 
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MoO3 nanoplates thin films gas sensors were fabricated and deposited onto quartz substrates 
with pre-patterned IDT [106]. They were exposed towards ethanol vapour of various 
concentrations. The fabricated MoO3 nanoplate-based thin-film sensor showed promising 
potential for the electrical/optical sensing of hydrocarbons due to its high surface area. 
 
4.2.4.1. MoO3 Nanoplates: PLD 
 
Figure 4.13 shows a schematic diagram of the PLD system used in this work. A high-vacuum 
cryo-pump was used to evacuate the main chamber down to a base pressure of 10-7 Torr. Two 
hundred mTorr of 99.999% pure oxygen gas was introduced close to the substrate, preventing 
oxygen deficiencies in the fabricated thin films. During the deposition we rotated the target at 
an angular speed of 9 rpm to prevent material depletion from occurring repeatedly at the same 
spot of the target. Simultaneously, to enhance the uniformity of the thin films, we also rotated 
the substrate holder at an angular speed of 5 rpm. We chose a lamp heater with a gold-coated 
reflector to provide uniform heat to the substrate. The laser beam path in the air was 
minimized to 67.5 cm to reduce the power loss that occurs during the interaction of short 
wavelength light with oxygen in the air.  
 
Chapter 4: Nanostructured Material Synthesis and Sensor Fabrication 
 
 90 
 
Figure 4.83: Schematic diagram of PLD deposition system. 
 
We set the target-to-substrate distance to 45 mm and the laser power to 80 mJ/pulse at 5 Hz 
pulse rate. The MoO3 thin films of 180 nm thickness were deposited onto pre-patterned gold 
IDT quartz substrates for ethanol vapour sensing experiment. To obtain a proper growth 
condition for good crystalline MoO3 films, we varied the substrate temperatures from 200 to 
400 °C. 
 
Synthesis of MoO3 Nanoplatelets: Thermal Evaporation 
In this PhD research, deposition of MoO3 nanostructures was performed in a horizontal quartz 
tube furnace by evaporating MoO3 powder (China Rare Metal Material Co.) as shown in 
Figure 4.14. The MoO3 powder was weighed at 10 mg and placed on an alumina boat inside a 
quartz tube (18.5 mm diameter and 680 mm length) at the hot spot of the furnace. Quartz 
based conductometric transducers were used for the growth of MoO3 nanostructures. Prior to 
the deposition, the substrates were cleaned by the method as mentioned in section 4.2 and 
then they were located at different distance of 10, 15 and 20 cm from the source downstream 
in the quartz tube. 
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Figure 4.94: A schematic diagram of the evaporation deposition apparatus used in this study. 
 
Vapour phase synthesis is extensively used to form 1D nanostructures such as nanorods [3, 
42], nanowires [42], and nanobelts [41]. Typically, the vapour phase growth is performed in a 
horizontal tube furnace to obtain the proper temperature gradient with a carrier gas. The 
source material evaporates and transports towards the growth site by a gas carrier. The 
nucleation can start from the particles or catalyst following the vapour-liquid-solid (VLS) and 
vapour-solid (VS) deposition techniques. 
 
In this PhD research, the evaporation method was used to synthesis 1D oxide nanostructures 
for gas sensing applications as this method is one of the promising, cheapest and quick 
approaches for single crystal production. The author will first describe VLS and VS processes 
for the 1D nanostructures growth and then detailed synthesis processes of the tin oxide (SnO2) 
nanowires used to develop novel gas sensors will be given. 
 
Vapour-Liquid-Solid (VLS) Growth 
 
The VLS mechanism is one of the most popular methods for growing 1D nanostructures since 
it was discovered by Wagner and Ellis in 1964 [107] on the growth of Si whiskers. In the 
synthesis of semiconducting metal-oxides, this process seems economical, scalable and able 
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to control the growth of different materials. Wagner formed the following equation (Eq. 4.1) 
which is used to elaborate more on their findings: 
lvsRT
VR σ


= ln
2 1
min  4.1 
where Rmin is the minimum whisker radius, Vl is the molar volume of the metal droplet, σlv is 
the liquid-vapour surface energy and s is the degree of super-saturation of the vapour. It is 
essential to understanding the growth mechanism which is critical in order have a better 
control growth in the intended nanostructures such nanowires’ or nanorods’ shape and 
diameter. A VLS process starts with the dissolution of gaseous reactants into nanosized liquid 
droplets of a catalyst metal such as gold, platinum, or iron. This is then followed by 
nucleation and growth of single crystalline rods and wires. Figure 4.15 shows the principal 
steps of VLS growth technique using metal. 
 
Figure 4.105: An illustration of VLS growth process (from initial nucleation to continuous 
growth. 
 
These nanowires/rods section can be determined by the dimensions of the catalyst clusters 
either by direct matching of the size or by mechanism involving the catalyst curvature [3]. 
Thus, the growth process will finally end if the catalyst is fully consumed or evaporated 
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during the growth, or when the source material no longer available or if the temperature is 
reduced below the required growth process temperature. In VLS, the nanorods/nanowires can 
grow from the top or the bottom of the catalyst cluster as shown in Figure 4.16. 
 
Figure 4.116: An illustration of a nanorod growth process by: (a) root growth, where the 
catalyst metal remains at the bottom and (b) float growth, where the catalyst metal is 
positioned on top during the growth period. 
 
Vapour-Solid (VS) Growth 
 
Vapour-phase synthesis is among the most extensively employed technique to form of 1D 
nanostructures such as nanowires [108], nanorods [109], and nanobelts [42]. In the VS growth 
mechanism, the nanostructures are formed from the direct condensation of the vapour phase 
without using a metal catalyst [3]. Therefore, in this method, the source materials are 
vaporized under high temperature condition which is then condensed on the substrate placed 
in the low temperature region. A condensation process occurs when molecules form seed 
crystals at nucleation sites. It has been reported that the minimization of surface free energy 
governs the VS process [3]. Therefore, these nucleation sites provide directional growth to 
minimize the surface energy.  
 
In the VS process, control of supersaturation is a key factor to control the morphology of the 
nanostructures [4]. Low supersaturation is required for growth of 1D nanostructure, while a 
medium supersaturation results in bulk crystal growth. At high supersaturation, powders can 
(a) (b) 
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be formed by homogenous nucleation. The dimension of 1D nanostructure can be controlled 
by different factors such as temperature, pressure and substrate. 
 
4.2.5. Deposition of Cu2O and CuO Nanograins: RF 
Sputtering Method 
 
Cu2O thin film was deposited onto the substrate using the RF sputtering technique. 
Deposition of the Cu2O layer was achieved at a background pressure of 10-5 Torr and the 
sputtering pressure increased to 20 mTorr. Simultaneously, RF power ranging from 60 to 250 
W was applied. A copper target of 4 inches diameter and 99.99% purity was used. The 
conductometric substrates were cleaned using IPA, acetone and DI water to remove any 
organic contaminations. The argon and oxygen flow rate was kept constant at 95% and 5%, 
respectively. The gas flow was controlled by a mass flow controller (MFC). The substrates 
deposition duration was set to 9 minutes. The substrate temperature was kept at 100 °C and 
the target to substrate distance was set at 45 mm. 
 
4.2.6. Deposition of Nobel Metal as Catalytic Layers 
 
In this PhD project, the author catalytic metal layers were deposited employed several 
different techniques. Some of the techniques employed include the use of DC sputtering and 
PECS systems conducted at the RMIT University. The Au nanoparticles and nanoclusters 
were deposited via spin coating at RMIT University as well as at Dr. Golovko’s Group 
Laboratory at the University of Canterbury, New Zealand. Detail description of the catalytic 
metal deposition techniques are provided in the following sections. 
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4.2.6.1. Palladium (Pd) 
 
The author deposited Pd catalytic layer using the DC sputtering technique. The Pd metal 
deposition employing this DC sputtering was carried out using a 2 inch Pd foil target (99.99% 
purity, ProSciTech). The DC sputterer was set to a DC power of 30 W in the 100% Ar process 
gas. The sputtering was conducted at an operating pressure of 3.75×10-3 Torr at room 
temperature with a substrate-target distance fixed at 2.5 cm. The rate of the Pd deposition was 
approximately 2.5 Ås-1. The SPI-ModuleTM DC sputtering system is shown in Figure 4.17. 
 
Figure 4.17: Image of the SPI-ModuleTM DC sputtering system at RMIT University. 
 
4.2.6.2. Platinum (Pt) 
 
The DC sputtering system provided in the previous section was also employed to deposit Pt 
layer. The other system that was employed to deposit Pt thin layer is the Gatan Precision 
Etching and Coating System (PECSTM) model 682. This precision etching system was 
designed to coat small samples/biological specimens prior to imaging using scanning electron 
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microscope. In RMIT University, the system was equipped with Pt or Au/Pd targets. The 
PECS coating system is designed to deposit thin layers of electron transparent amorphous 
coatings of Pt with a built-in thickness monitoring device. The sputtering was carried out by 
two penning ion guns. The guns were set to 612 μA aimed at the Pt target (99.99% purity), 
which provided an average deposition rate of 1.2 Ǻs-1. The deposition was performed at an 
operating pressure of 6×10-5 Torr in Ar gas and the sample was rotated at 10 rpm to ensure a 
uniform coating. The image of the employed PECS system is shown in Figure 4.18. 
 
Figure 4.128: Image of the Gatan Precision Etching and Coating System (PECSTM) model 
682 at RMIT University. 
 
4.2.6.3. Gold (Au) 
 
In this PhD project, the Au nanoclusters were provided by the collaborator from the 
Canterbury University, New Zealand. The author developed a procedure to deposit the 
nanoclusters onto the sputtered WO3 films. In this procedure, 11 mg of Au nanoclusters were 
suspended in 430 µl chloroform solution. To provide homogenous suspension, the solution 
was sonicated in the ultrasonic bath for 60 minutes. Later, the suspension was transferred into 
a micropipette. The pipette was set to deliver 5 mL of the suspension onto the sample placed 
on the spin coater stage. Immediately, the sample was spun at 500 rpm for 30 s. Then, it was 
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annealed at 200 °C in air to remove the organic compound used in the formation of the Au 
nanoclusters. 
 
The micro-characterisation of the metal oxide nanostructured thin films coated with Au layer 
was performed using SEM and EDX. The gasochromic evidence as well as the sensing 
properties of the developed WO3 thin films coated with Au9 will be presented in Chapter 6. 
 
4.3. Conclusions 
Table 4.5 Nanostructured metal oxide materials produced during the PhD research and their 
fabrication techniques 
Metal oxide nanostructures Deposition techniques 
ZnO nanowires SILAR 
1D ZnO nanorods Thermal decomposition 
ZnO nanoflowers Solvothermal 
ZnO nanosheets Solvothermal 
ZnO nanopyramids Solvothermal 
In2O3 nanoparticles Solvothermal 
WO3 nanoplatelets Anodization 
WO3 nanoplatelets Acid etching 
WO3 nanoporous Acid etching 
Au/WO3 nanotextured RF sputtering 
WO3 nanorods PLD 
MoO3 nanoplates PLD 
CuO nanograin RF sputtering 
Cu2O nanograins RF sputtering 
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In this chapter, the author presented in details the design and fabrication of the 
conductometric and optical transducers. This includes the preparation of the transducers 
which involves common processes such as cleaning and dicing as well as other steps relevant 
to the different transducers. 
 
In this chapter, the fabrication steps of the conductometric and optical devices were outlined. 
The steps involved; cleaning the substrates, metallization layer deposition, wafer dicing and 
photolithography, as well as chemical etching. Each device was systematically inspected 
throughout the fabrication process to avoid any defect that could affect their performance. 
Any devices with unsatisfactory visual or/and electrical characteristic were rejected. In the 
next chapter, the author will describe the syntheses (physical and chemical) followed by the 
depositions of nanostructured materials on transducers. In this PhD study, 6 types metal oxide 
thin films were employed as sensitive layers for the gas/vapour sensing applications. Table 
4.5 provided also shows the summarized nanostructured metal oxide materials produced 
during this PhD research and their respective fabrication techniques. Each metal oxide thin 
film was deposited via different techniques, and the micro-nano characterization results will 
be discussed in details in Chapter 5. 
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5.1. Introduction 
 
In Chapter 4, the fabrication of nanostructured thin films based gas sensors was presented. 
The structural as well as the material properties of related thin films were characterized and 
studied. It is well known that the surface morphologies and properties strongly influence the 
performance of the corresponding sensors. Therefore, it is essential to employ characterization 
tools to investigate and understand their physical and chemical properties. 
 
In this chapter as well during this research, characterization of nanostructured materials 
fabricated for gas sensing applications are being discussed. A brief description of 
characterization techniques (eight sections) employed to study and analyse the developed 
nanostructured materials is given in the next section. Subsequently, in section 5.3, detailed 
structural and material characterization results will be presented. In this section, the author 
will divide the section into six subsections corresponding to the six types metal oxide 
materials employed during this research. In sections 5.3.1 and 5.3.3, several smaller 
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subsections will be given due to the different nanostructures obtained. In the end, this chapter 
will conclude with a summary and a brief discussion of the obtained results. 
 
5.2. Micro-nano Characterisation Techniques 
 
Nanostructured materials can be characterized employing multiple different techniques. Some 
of the techniques which are commonly used are scanning electron microscopy (SEM), 
transmission electron microscopy (TEM), X-ray diffraction (XRD), X-ray photoelectron 
spectroscopy (XPS), energy dispersive X-ray (EDX), atomic force microscopy (AFM), UV-
Vis-NIR spectroscopy, and Raman spectroscopy. In general, these techniques provide detail 
information on the morphology, crystal structure, stoichiometry, composition, and optical 
properties of the developed nanostructured thin films. 
 
5.2.1. Scanning Electron Microscopy (SEM) 
 
One of the most commonly used techniques in the nanostructured thin films characterization 
is scanning electron microscopy (SEM). This technique provides detail topography and 
structural information by scanning the electron probe across the investigated surface and 
qualitatively monitoring the secondary electrons that are emitted [1]. A scanning electron 
microscope consists of an electron optical column, a vacuum system and electronics. Figure 
5.1 shows the schematic which comprise of an electron source to produce electron beam, a set 
of lenses to focus on the electrons into a fine spot on the sample in the specimen chamber, and 
a secondary electron detector to convert the scanned beam into electrical signal for image 
processing. These devices are encapsulated in a vacuum system which allows primary 
electrons movement in straight lines and operates in low or high vacuum modes. The 
Chapter 5: Materials Characterisation: Techniques and Results 
 
 107 
electronic circuitries are mainly employed to control the voltages and currents for the electron 
source, detector, and the magnetic lenses. 
 
Figure 5.1: Schematic diagram of a typical scanning electron microscope (SEM) apparatus. 
 
High resolutions images of the specimen can only be obtained employing SEM if the samples 
are conductive. Samples with minimal or low conductivity will cause electrical charging 
which cause poor quality image. Such behaviour can be prevented by coating with a thin layer 
of Au. Throughout this study, the surface characterizations and morphologies of the 
developed nanostructured materials were investigated by the author using FEI NovaNano 
SEM (Figure 5.2) at Physics Department, RMIT Microscopy & Microanalysis Facility 
(RMMF). ZnO and In2O3 studies were conducted field-emission scanning electron 
microscopy (FE-SEM, JEOL 7001F). Some of the parameters considered during the 
investigation were shape, length, width, and distribution on the film surface. In gas sensing, 
such parameters provides information on the criteria such as the surface-to-volume ratio 
which is one of the aspects in providing a high sensor response. The author will present the 
results of the SEM investigations conducted in section 5.3.  
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Figure 5.2: FEI Nova NanoSEM 
 
5.2.2. Transmission Electron Microscopy (TEM) 
 
TEM has been commonly used to obtain information about the materials’ morphology, 
crystallography, size, distribution and their elemental composition [250]. In this technique, a 
beam of electrons is transmitted through a given thin specimen (< 100 nm). The collected 
image is formed from the interaction of the electrons transmitted through this specimen and 
will be magnified as well as focused onto an imaging device such as a fluorescent screen or a 
CCD camera. This technique provides valuable inputs such as the internal morphology and 
structure of individual fragments of an examined nanomaterial specimen. The atomic-
resolution lattice spacing images down to a spatial resolution of 1 nm as well as the selected 
area diffraction pattern (SAED) can also be obtained by employing this technique. In 
nanotechnology, SAED offers a unique capability to determine the crystal structures of 
nanomaterials form different parts of the sample. The author employed TEM characterisation 
of nanomaterials which is believed to provide better understanding of their physical and 
chemical properties as well as the orientations of their crystallographic phases. 
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Figure 5.3: Schematic diagram of a typical TEM apparatus. 
 
Recently, high resolution transmission electron microscopy (HRTEM) has become a powerful 
tool for nanostructured materials characterisation. It has the capability to characterise the 
nanostructures with resolution as low as one angstrom (0.1 nm). High resolution image 
characteristics can be interpretable directly in terms of projections of individual atomic 
positions by applying correct operating conditions and well-prepared samples. 
 
In this PhD thesis, for the TEM characterisation, the nanostructured materials were mixed 
with several drops of ethanol on a clean piece of glass slides. The copper (Cu) grids used were 
purchased from ProSciTech with carbon films. The Cu grid was carefully placed into the 
mixture. The ethanol was left to evaporate from the samples prior to the TEM analysis. The 
preparation procedure of a specimen for TEM analysis was performed carefully to minimise 
contamination. The author inserted the prepared grids into a JEOL 1010 TEM (2001). During 
the characterisation procedure, a Gatan CCD camera on a RHEED stage and a JEOL 2010 
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TEM /STEM (1990) with Link Si (Li) X-ray detector fixed with a Gatan Image Filter (2001). 
Figure 5.3 shows the schematic diagram of a TEM operation. 
 
At the time of study, some of the TEM/HRTEM images of the ZnO nanostructures and In2O3 
nanostructures were obtained using a JEOL 2100 in collaboration with QUT, Brisbane, 
Australia. Other TEM/HRTEM images of WO3 nanostructures were obtained using a JEOL 
1010 and 2010 microscopes (Figure 5.4 a-b) operated at 200 kV here at AMMRF Facility at 
RMIT University. A detailed analysis of TEM/HRTEM imaging outcomes for ZnO 
nanopyramids, WO3 rods, and ZnO nanostructures are given in subsection 5.3.1 with detailed 
types of ZnO in subsections 5.3.1.1 to 5.3.1.4. 
 
 
Figure 5.4: (a) JEOL 1010 (b) JEOL 2010 
 
5.2.3. X-Ray Diffraction (XRD) 
 
The XRD is employed for the identification and quantification of various crystalline phases 
present in solid materials and powders [1]. In this research, the author used XRD for the 
(a) (b) 
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determination of the structural properties of the nanostructured sensing materials. This 
technique can also be used to determine the crystal structure and size of the grains. Upon the 
incident of the X-rays beam on a crystal, a proportion of the X-rays are diffracted to produce a 
pattern. The diffracted pattern of the crystal phases can be identified by comparing to the 
reference patterns. The diffracted wave pattern can be either in phase or not, therefore either 
destructive or constructive interference can occur. Each diffracted X-ray beam corresponds to 
a coherent reflection which is known as the Bragg reflection (Equation 5.1). The relation 
between the inter-planar spacing and the incident rays can be described as: 
 
θπλ sin2d=  5.1 
 
where n = 1; 2; 3; … is the order of diffraction, λ is the X-rays wavelength, d is the inter-
planar spacing of the crystal planes and θ is the incident angle. Figure 5.5 shows the 
schematic diagram of the XRD diffraction principles. 
 
 
Figure 5.5: Schematic diagram of a typical X-ray diffraction (XRD) apparatus. 
 
In this thesis, the crystalline phases of the deposited nanostructured materials were examined 
by the author using a Bruker AXS D8 Advance Wide Angle X-ray diffraction instrument and 
a Bruker AXS D8 Discover with GADDS micro-diffraction instrument (Figure 5.6) at RMIT 
University. The data was collected at room temperature using CuKα radiation source (λ = 
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1.54178 Å) at a potential difference of 40 kV and a current of 40 mA. The results were 
filtered with graphite monochromatic in the parallel mode (175 mm collimator with 0.5 mm 
pinholes). XRD analysis of the ZnO and In2O3 samples in collaboration with QUT were 
characterized using X-ray diffraction spectrometry (XRD, PANanalytical XPert Pro Multi 
Purpose Diffractometer) with monochromatized Cu Kα radiation (λ = 0.154178 nm). 
 
 
Figure 5.6: Bruker AXS D8 Discover with GADDS. 
 
5.2.4. X-Ray Photoelectron Spectroscopy (XPS) 
 
X-ray photoelectron spectroscopy (XPS) is one of the most valuable techniques for high 
resolution stoichiometric quantification of chemical and electronic states. It is known for the 
capability to identify elements of a specimen in the first few atomic layers. Other inputs that 
can be obtained by employing the analysis are the specimen's surface, chemical composition 
as well as the empirical formulae. Figure 5.7 shows the schematic diagram of typical 
principles of XPS spectrometer. 
 
Based on the photoelectric effect, X-rays striking a specimen's surface cause a stimulation of 
photoelectrons to be ejected from a material. The ejected photoelectrons are detected at 
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different intensities and can be plotted with respect to their binding energies. The material’s 
electron shell configuration, elements and compounds represent the peak positions and shapes. 
Each element is unique and only exhibits its own characteristic peaks.  
 
 
Figure 5.7: Schematic diagram of a typical XPS apparatus. 
 
During this study, the author employed XPS to analyse the chemical and electronic states, 
elemental compositions, and assess the empirical formula of the elements that exist within a 
material. Basic understanding of the XPS principles is that the samples are bombarded with a 
beam of aluminium or magnesium X-rays. During this bombardment, the kinetic and the 
escape numbers of electrons of the analysed materials are measured. XPS works on the 
principle of photoelectric effect in which the source of the X-rays causes the photoelectron to 
be ejected from a surface (usually, obtained either from aluminium (K = 11486.58 eV) or 
magnesium (K = 1253.56 eV)). This kinetic energies and the number of the ejected 
photoelectrons are plotted as a spectrum of their binding energies. 
 
In this thesis, XPS analysis was performed at the department of Applied Physics at RMIT 
University via a Thermo K-Alpha spectrometer (Figure 5.8) by irradiating the nanomaterials 
with a beam of X-rays from Al (Kα = 1486.58 eV). Ten scans were performed. The charging 
was minimised using a low energy electron and ion flood gun. Individual peaks were scanned 
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at 50 eV pass energy. The binding energy (BE) scale was calibrated by measuring a known 
carbon standard and calibrating its reference peak of C to 285.0 eV.  
 
XPS analysis of the ZnO nanostructures developed using the hydrothermal method using zinc 
carbonate as the precursor were performed by a Kratos Axis Ultra photoelectron spectrometer 
incorporating a 165 mm hemispherical electron-energy analyzer. 
 
 
Figure 5.8: Thermo K-Alpha spectrometer. 
 
XPS analysis of Au/WO3 was performed in an ultra-high vacuum (UHV) apparatus built by 
SPECS (Berlin, Germany). The apparatus is equipped with a non-monochromatic X-ray 
source for Mg and Al Kα radiation. The spectra of the electrons emitted from the samples are 
recorded with a hemispherical Phoibos 100 energy analyser from SPECS. High resolution XP 
spectra were collected using pass energy of 10 eV. The angle between the X-ray irradiation 
and the analyser is 54°. The base pressure of the UHV chamber was the 10-10 mbar range. 
Analysis of the XPS data was performed with the reference to the first carbon peak which is 
assumed to occur due to adventitious carbon. All XPS spectra were fitted in the following 
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manner. A Shirley background was applied to remove the electron-scattering background and 
maintain the intrinsic line shape from the raw data [3, 4]. A pseudo-Voigt function composed 
of the sum of Gaussian (30%) and Lorentzian (70%) functions was used and all peak 
positions were allowed to vary using nonlinear least-squares minimization [5]. For the Au 4f 
spin-orbit peaks (i.e. 4f7/2 and 4f5/2), energy splitting was fixed at 3.67 eV while for the P 2p 
doublet a splitting of 0.84 eV was used. All spectra where fitted with the least number of 
peaks allowing a variation of the FWHM. 
 
A detailed analysis of XPS analysis for ZnO nanostructures, WO3 nanorods, nanoplates and 
nanostructured Au on WO3 thin films are given in subsection 5.3.2 and 5.3.3, respectively. 
 
5.2.5. Energy Dispersion X-Ray (EDX) 
 
Elemental composition of a specimen can be analysed using energy dispersive X-ray (EDX) 
technique. Other than preliminary insight peak of the examined sample, EDX also offers 
quick and efficient characterisation technique that acquires elemental information at high 
resolutions. During analysis, the specimen is bombarded with an electron beam.  The ejected 
electrons of from the atom/molecules of the specimen's surface which results in electron 
vacancies in their inner shells. The occurred electron collisions caused the electron(s) to be 
knocked out of their orbits thus replaced by electrons from outer shells. Therefore, the 
knocked electrons release their energies in the form of X-rays which can be the identified.  
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Figure 5.9: Schematic diagram of a typical energy dispersive X-rays (EDX) apparatus. 
 
The EDX spectrum is a plot on how frequently X-rays of special wavelengths are received for 
each energy level. It displays the peaks of the analysed sample which correspond to these 
energy levels. These peaks are unique to individual atoms, hence corresponds to single 
elements. The schematic diagram of a typical energy dispersive X-rays (EDX) apparatus is 
shown in Figure 5.9. 
 
5.2.6. Atomic Force Microscopy (AFM) 
 
The atomic for microscopy (AFM) has become the most widely used form of scanning probe 
microscopy since its invention by Binnig, Quate and Gerber in 1986 [6]. Since then, it has 
been one of the most applied tools for imaging, measuring and manipulating matters at the 
nanoscopic level. AFM functions by gathering 3D information about the scanned sample 
through the highly sensitive, sharp and vibrating tip probe. The examined sample is flooded 
with electrons as the tip scans across while all information is recorded. Forces between the tip 
and the surface sample cause the cantilever to bend and detect. By measuring the cantilever’s 
detection, forces are calculated using Hooke’s law which can be written as: 
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kzF −=  5.2 
 
The schematic diagram of a typical AFM apparatus is shown in Figure 5.10. 
 
 
Figure 5.10: Schematic diagram of a typical atomic force microscopy (AFM) apparatus. 
 
In this PhD research, the AFM characterizations were performed employing the equipment 
situated in the RMIT Microscopy & Microanalysis Facility, Physics Department, RMIT 
University, Melbourne, Australia. 
 
5.2.7.  Raman Spectroscopy 
 
Raman spectroscopy is a powerful analytical tool which can be used to determine the 
composition of the materials either qualitatively and quantitatively [7]. In this technique, the 
inelastic scattering or Raman scattering is measured by the frequency shift due to the incident 
of the photons with the molecules [8, 9]. When the sample is irradiated with light, the photons 
encounter with the molecules in such a way that energy is either gained or lost to cause the 
inelastic scattering. Such shift in frequency of the scattered light will be analysed to determine 
the shift in its wavelength. Figure 5.11 shows the energy level of Raman scattering. 
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Figure 5.11: Energy level diagram to explain Raman scattering. 
 
In a Raman spectrum, interactions between photons and molecular vibrations (phonons in a 
crystal) results in wave-numbers of Raman shifts which are plotted versus their respective 
intensities [10]. Hence, the Raman spectrum may provide information by which molecules 
can be identified. The schematic diagram of a typical Raman spectroscopy principle is shown 
in Figure 5.12. 
 
In this PhD research, the synthesized MoO3 were characterised by Raman spectroscopy with 
help of Prof. Joon-hee Kang from the University of Incheon, Republic of Korea. The results 
will be presented later in subsection 5.3.4. 
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Figure 5.12: Schematic diagram of a typical Raman spectroscopy setup. 
 
5.2.8. UV-Vis-NIR Spectrophotometry and Band 
Gap Analysis 
 
In this study, the author employed Ultraviolet visible near infra-red (UV-Vis-NIR) 
spectrophotometry as a characterisation technique towards the conductive materials deposited 
onto transparent substrates. The technique is based on the interaction of electromagnetic 
waves in the UV-Vis-NIR wavelength ranges and the material [1]. The magnitude of the 
absorbed or emitted electromagnetic waves by the materials is analysed against the 
wavelengths. Information on the material’s optical properties such as transparency and optical 
band gap can be extracted from this spectrum [11]. 
 
The UV-Vis-NIR spectrophotometry system consists of light sources to produce light of a 
known intensity and wavelength ranges onto material and a spectrophotometer to measure the 
spectrum and intensity of the light exiting the material. In this project, the samples were 
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examined using a spectrophotometric system consisting of a Micropack DH-2000 UV-VIS-
NIR light source and an Oceanoptics HR4000 spectrophotometer. The analysis was 
performed using Spectrasuite 2007 edition software. The setup is shown in Figure 5.13. 
 
 
Figure 5.13: Spectrophotometric system setup. 
 
The absorbance spectra of a material measured using the spectrophotometric system can be 
used to estimate the optical band gap. According to Tauc’s equation, the band gap can be 
estimated from the following expression [12]: 
 
( )ngEhAh −= υυα  5.3 
 
where α is the absorption coefficient, h is Planck’s constant (1.69 × 10-19), υ is the photon 
frequency (3 × 108 ms-1), A is the dimensional constant, Eg is the energy band gap and n is     
2 for indirect semiconductor such as WO3 [13]. Based on this equation, the estimation of the 
energy band gap was obtained by plotting (αhυ)2 versus photon energy (hυ). The estimated 
optical band gap is the value of the linear extrapolation of the plotted curve. 
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5.3. Micro-Nano Characterisations Results 
 
5.3.1. ZnO Nanostructures 
 
5.3.1.1. ZnO Nanowires 
 
In this PhD thesis, several nanostructured ZnO thin films that were deposited onto 
conductometric transducers were obtained. The author firstly worked on the ZnO synthesised 
via the SILAR method. The ZnO fabricated via this method was followed by a thermal 
decomposition growth in a reaction vessel. These thin films were structurally characterised 
using the SEM and XRD methods. The SEM images for a SILAR coated ZnO seed layer 
growth on top on the substrate (a) and after the thermal decomposition method (b) are shown 
in Figure 5.14. The SEM micrograph clearly shows that the size, direction and shape of the 
ZnO structures to be the cause of the nanowires growth during the thermal treatment.  
 
 
Figure 5.113: (a) SILAR coated ZnO seed layer growth on top on the substrate (b) and ZnO 
nanowires after the thermal decomposition method. 
 
The SEM image revealed that average diameter of the ZnO nanowires are approximately       
~ 20 nm. The SEM micrograph in Figure 5.15 clearly demonstrates the differences of growth 
(a) (b) 
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as well as the porosity that occurred between the ZnO nanostructures on circle A and circle B 
(Figure 5.15a). The spaces between the nanostructures can be clearly seen on Figure 5.15b 
which shows larger gaps and size of the nanostructures for the ZnO (growth on SiO2) 
compared to a smaller gap and size for ZnO growth on Au IDT.  
 
 
Figure 5.15: (a) SEM images of the ZnO nanowires on top of the conductometric substrate at 
low magnification (notice the differences in circle A (on Au IDT) and B (on SiO2) (b) a 
higher magnification of the growth deposited ZnO distinguished by the dotted line. 
 
Shown in Figure 5.16 are the tilted images of ZnO nanowires with an approximate length 
range of ~ 1.6 to 2.0 μm (Figure 5.16b) which was synthesized on the Au IDT/SiO2 
conductometric substrate (notice the thick seed layer obtained via SILAR deposition ~ 2 μm). 
 
 
Figure 5.16: (a) SILAR coated ZnO seed layer growth on top on the substrate (b) and ZnO 
nanowires after the thermal decomposition method. 
 
(a) (b) 
A 
B 
A 
B 
(a) (b) 
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Figure 5.17: XRD spectrum of the synthesized ZnO nanowires on Au IDT/SiO2 
conductometric transducer. 
 
XRD analysis conducted onto the synthesized ZnO nanowires (Figure 5.17), shows that the 
strongest peak occurs at (002). The dominant diffraction peak at (002) crystal phase 
corresponds to the wurtzite ZnO (ICDD 36-1451). 
 
 
Figure 5.18: TEM image of the ZnO nanowires. 
 
TEM image in Figure 5.18 shows that the average ZnO nanowires are approximately ~ 20 nm 
as obtained via SEM. 
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5.3.1.2. ZnO Nanorods 
 
In this section, ZnO nanorods based thin films that were synthesized via thermal 
decomposition method at 90 °C employing FCVA deposited ZnO seed layer onto an alumina 
based conductometric transducers is reported. Prior to the investigation of the ZnO nanorods 
synthesized using the thermal treatment, SEM investigation was conducted onto the FCVA 
deposited ZnO seed layer. The image of the seed layer (Fig. 5.19) reveals a highly uniform 
ZnO nanoparticulate with an average nanoparticle size of ~ 30 nm.  
 
 
Figure 5.19: SEM image of FCVA deposited ZnO seed layer. 
 
After the thermal treatment, SEM images of the ZnO nanorods are shown in Figure 5.20 (a – 
c). These images indicate that the ZnO nanorods density and morphology differ from each 
other, depending on which substrate part (gold or alumina).  
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Figure 5.20: SEM image of ZnO NRs on (a) gold, (b) gold-alumina interface and (c) alumina. 
 
The ZnO nanorods formation onto the alumina surface is vertically oriented compared to the 
ZnO nanorods on Au surface (Figure 5.20c). The measured diameter of the nanorods (Figure 
5.21) is approximately in the range of 30 – 50 nm. 
 
 
Figure 5.21: SEM image of ZnO NRs showing the average diameter of 30 - 50 nm. 
 
XRD patterns of ZnO seed layer, ZnO nanorods, and ZnO nanorods annealed at 300 °C 
(Figure 5.22) confirm the single-phase, crystalline, highly-oriented nature of all three film 
types, with a single reflection at ~34.5 °2θ corresponding to diffraction from the (002) lattice 
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plane of wurtzite ZnO (ICDD 36-1451). As expected, the intensity of this reflection, and the 
overall resolution of the peak, increases from ZnO seed layer to ZnO nanorods to annealed 
ZnO nanorods. The SEM characterization and XRD patterns confirmed the ZnO films contain 
vertically oriented 1D nanorods with single crystallographic phase. 
 
 
Figure 5.22: XRD spectra of ZnO seed layer and ZnO nanorods. 
 
5.3.1.3. ZnO Nanoflowers and Nanosheets 
 
The ZnO nanoflowers and nanoflakes synthesized employing the hydrothermal methods at 
QUT were characterized through FE-SEM. Figure 5.23 a-b show the FESEM images of F1 
prepared )at a molar ratio of [ ] [ ]+2ZnUrea  = 15 with 0.008 M of Zn(NO3)2∙6H2O. The image 
clearly shows the formation of three-dimensional ZnO platelet-based structures, where the 
platelets, or nanosheets intersect at a common point. These structures appear to be formed 
from thin blocks (average thickness ~ 20 nm) with rough surfaces and jagged edges. The 
morphologies of F2, F3 and F4 samples prepared with Zn2+ concentration of 0.016 M,     
0.033 M and 0.066 M were similar except for a slight difference in their compactness    
(Figure 5.23 c-h). All these samples show the flower-like morphology self-assembled by 2D 
ZnO nanosheet structures. The ZnO structures clearly compacted tighter into shapes 
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reminiscent of flowers as the concentration of reactant increased. It should be noted that the 
morphology of F4 became less uniform than the samples prepared at lower concentration, 
which is probably due to the quick crystal growth at high reactant concentration. The average 
sizes of these flower-like ZnO hierarchical structures changed from approximately 5 µm to  
20 µm as the reactant concentration increased in the order of F1, F2, F3 and F4. 
 
 
Figure 5.23: SEM images of ZnO samples F1 - F4 prepared with different Zn2+ 
concentrations: (a, b) 0.008 M; (c, d) 0.016 M; (e, f) 0.033 M and (g, h) 0.066 M. 
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Figure 5.24 a-b show the FE-SEM images of sample F5 prepared at the molar ratio of 
[ ] [ ]+2ZnUrea  = 1. It is shown that sample F5 consists of relatively uniform grass-like, 2D 
nanosheet structures. These building blocks were similar to that of samples F2, F3 or F4 but 
for the self-assembly of flower-like morphologies. The morphologies of sample F6 and F7 
prepared at the molar ratio of [ ] [ ]+2ZnUrea  = 5 and 10, respectively, were shown in Figure 
5.23 c-f. It was demonstrated that flower-like ZnO structures “bloomed” slowly as the 
[ ] [ ]+2ZnUrea  molar ratio increased. The grass-like ZnO structure completely changed from 
2D plate, into flower-like morphology, when the [ ] [ ]+2ZnUrea  molar ratio was increased to 
15, as shown in Figure 5.23 e-f. Thus, it can be concluded that the [ ] [ ]+2ZnUrea  molar ratio 
determines the overall morphology of ZnO samples, either grass-like or flower-like; while the 
concentration of reactants determines the compactness of the hierarchical structures as 
displayed in Figure 5.23. 
 
Chapter 5: Materials Characterisation: Techniques and Results 
 
 129 
 
Figure 5.24: SEM images of ZnO samples F5 – F7 prepared with different urea/Zn2+ molar 
ratio R: (a, b) R = 1; (c, d) R = 10 and (e, f) R = 15. 
 
The XRD pattern of the precursor in Figure 25a could be unambiguously indexed to the 
Zn4(CO3)(OH)6 (JCPDS Card No. 11-0287). After annealing at 400 °C for 4 h, the precursor 
was transformed into ZnO, which was confirmed by XRD patterns of sample F1 – F7. The 
XRD pattern of the final products were indexed as pure wurtzite ZnO structures (JCPDS No. 
36-1451) with lattice constants of with a = 0.3244 nm and c = 0.5198 nm. 
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Figure 5.25: XRD patterns of (a) Zn5(CO3)2(OH)6 precursor and (b-h) ZnO nanostructures  
F1 - F7. 
 
To further reveal the structure of as-prepared ZnO samples, TEM, HR-TEM and SAED 
characterizations were carried out for the representative samples F3 and F5. Figure 5.26a 
shows a typical TEM image of the building block that underlies these structures, i.e. the 
nanosheets of ZnO nanoflowers F3. It was revealed that the nanosheets were porous, which is 
consistent with the rough surface observed during FE-SEM characterization. The HR-TEM 
(Figure 5.23(b)) shows that the surfaces of the well-crystallized nanosheets were not smooth 
and consist of the aggregated structures. The typical 2D lattice fringe spacing was measured 
to be 0.28 nm with an angle of around 60 °, corresponding to the {1010 } crystal planes of 
wurtzite ZnO. This observation identified the building blocks of sample F3 as nanosheets with 
{0001} crystal facets. The SAED pattern (Figure 5.26c) highlights the single-crystalline 
nature of the porous ZnO sample. Similarly, TEM image of the building blocks of F5 sample 
also shows evidence for a porous structure (Figure 5.26d). The HR-TEM (Figure 5.26e) gave 
the lattice fringe with spacing of 0.26 nm, in agreement with the interspacing of {0002} 
planes. The SAED pattern confirmed that ZnO sample F5 was single-crystalline in nature. 
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Figure 5.26: (a, d) TEM images, (b, e) HR-TEM images and (c, f) SAED patterns of ZnO 
samples F3 and F5, respectively. 
 
Figure 5.27 shows the typical XPS spectra for O 1s core level for F3, F5 and commercial ZnO 
samples. The O 1s peak of F3, F5 and commercial ZnO samples on the surface could be 
consistently fitted by three Gaussian curves, centred at ~531, ~532 and ~533 eV, respectively. 
The comparison of O 1s XPS data between flower-like F3, grass-like F5 and commercial ZnO 
samples are presented in Table 5.1. The OI species at the low binding energy of 531 eV 
belong to O2- ions in the wurtzite ZnO structure [14, 15]. The OII species with a medium 
binding energy centred at 532 eV are attributed to O- and O2- ions in the oxygen deficient 
regions mainly caused by oxygen vacancies, Vo [16]. The high binding energy species OIII 
centred at ~ 533 eV belong to the absorbed or dissociated oxygen or OH species on the 
surface of ZnO [16]. As shown in Table 5.1, the percentage of OII species in F3, F5 and 
commercial ZnO samples were 21.5%, 19.9% and 16.0%, respectively. Therefore, the flower-
like sample F3 has more oxygen vacancies, which are associated with active sites for NO2 gas 
and contribute higher gas sensitivity which will reported in Chapter 6. 
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Figure 5.27: High resolution O1s XPS spectra of the ZnO samples after calcinations: (a) 
flower-like ZnO F3, (b) grass-like ZnO F5 and (c) commercial ZnO. 
 
Table 5.1 Comparison of O 1s XPS data for different ZnO samples. 
ZnO 
samples 
OI (Zn-O) OII (vacancy) OIII (chemisorbed) 
Binding 
energy (eV) 
Percentage 
(%) 
Binding 
energy (eV) 
Percentage 
(%) 
Binding 
energy (eV) 
Percentage 
(%) 
F3 530.94 69.4 532.29 21.5 533.20 9.10 
F5 531.00 69.5 532.34 19.9 533.25 10.6 
Commercial 
ZnO 
530.93 65.4 532.18 16.0 533.06 18.6 
 
The nitrogen adsorption/desorption isotherm and BJH pore diameter of F3, F5 and 
commercial ZnO samples are given in Figure 5.28. These isotherms can be categorized as 
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type IV, with a distinct hysteresis loop observed in the range of 0.5-1.0 p/po, indicating the 
presence of mesopores (2 – 50 nm). The BET surface area of F3 was 72.8 m2∙g-1, which is 
larger than that of F5 (52.4 m2∙g-1) and significantly higher than the commercial ZnO samples 
(11.8 m2∙g-1). The pore size distribution of F3 exhibits a strong peak centred at ~ 8.5 nm and 
the narrow distribution reveals the uniformity of pore size occurring within the ZnO 
nanosheets. The average pore size of F5 is around 13.5 nm, with a relatively broader 
distribution peak that leads to lower BET surface area in comparison with F3. 
 
 
Figure 5.28: Typical N2 gas adsorption-desorption isotherm of the F3, F5 and commercial 
ZnO samples. Insets: the corresponding pore-size distribution. 
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5.3.1.4. ZnO Nanopyramids 
 
The ZnO nanopyramids fabricated during this study was synthesized employing the 
solvothermal with aminolysis reaction using benzylamine and ZnNO3.6H2O at QUT. SEM 
images of the ZnO nanopyramids are shown in Figure 5.29a - b which reveal that the white 
ZnO precipitate produced from the aminolysis reaction were of the nanopyramid form, with a 
distinct, hexagonal base. Further illustrations of the ZnO nanopyramids features in Figure 
5.29c which shows the approximate 100 nm length and 100 nm widths were also 
characterized by XRD and HR-TEM. 
 
 
Figure 5.29: ZnO nanopyramids: (a) deposited onto conductometric transducer, (right/white – 
on IDTs) and (dark/right – on SiO2 substrates) (b) high magnification image of the 
homogeneous size nanopyramids (c) author’s illustration of sketched ZnO nanopyramids. 
 
The XRD analysis shown in Figure 5.30 exhibited the pattern of the planes (010), (002), (011), 
(012), (110), (013), (020), (112) and (021) for wurtzite ZnO. A preferential (002) orientation 
with the high intensities of (010) and (011) diffraction peaks were apparent in the patterns. 
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The analyzed pattern was consistent with that of the wurtzite (P63mc) ZnO crystal structure  
(a = 3.249 Å, c = 5.206 Å) which is in good agreement with ICDD 36-1451.  
 
 
Figure 5.30: XRD patterns of the ZnO nanopyramids (a) as prepared (b) annealed. 
 
Further investigation of the nanostructure fine details employing TEM also confirmed the 
ZnO nanopyramids morphology in detail, the hexagonal base and the pyramid forms, can be 
seen in the images supplied in Figure 5.31a and b. The HR-TEM image of the hexagonal 
based ZnO nanopyramids (Figure 5.31c) reveals that the ZnO is single crystalline of wurtzite 
crystal structure with a lattice spacing of 2.606 Å, corresponding to the (0002) plane of the 
hexagonal ZnO. This implies that the growth of the hexagonal based ZnO nanopyramids took 
place along the c-axis direction. The image of the corresponding selected area electron 
diffraction (SAED) in Figure 5.31d shows that the {0001} zone axis of the hexagonal cone 
was surrounded by {1010} planes. 
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Figure 5.31: TEM images of: (a) ZnO nanopyramids, (b) HR-TEM image of the basal section 
of the cone, (d) the lattice fringes of the ZnO on (0002) plane, and (c) corresponding SAED 
pattern of the nanopyramids. 
 
5.3.2. In2O3 Nanoparticles 
 
During this study, In2O3 nanoparticles were synthesized by the joint collaboration with QUT, 
Brisbane, Australia. The In2O3 nanoparticles reported in this thesis was synthesized 
employing the Schlenk method in the solvothermal technique [17]. The FE-SEM image 
(Figure 5.32a and b) magnifies the In2O3 nanoparticles. 
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Figure 5.32: FE-SEM images of In2O3 nanoparticles on the conductometric transducer (a) 
low magnification (b) higher magnification. 
 
The XRD spectrum of In2O3 nanoparticles is shown in Figure 5.33. The XRD data reveal that 
the In2O3 nanoparticles contain cubic phase (ICDD 06-0416). The diffraction peaks show 
good crystalline films and match very well with ideal lattice constants. 
 
 
Figure 5.33: XRD spectrum of In2O3 nanoparticles. 
 
Further imaging towards the nanoparticles employing TEM microscope reveals the 
approximate particle size and the distribution of In2O3 (Figure 5.34 and Figure 5.35, 
respectively). The size distribution analysis shows that the average size of the particles is 
around 8 nm.  
 
(a) (b) 
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Figure 5.34: TEM images of the prepared In2O3 nanoparticles of low magnification and 
(inset) high magnification. 
 
 
Figure 5.35: Corresponding particle size distribution measured from more than 100 particles. 
 
The selected-area electron diffraction (SAED) pattern is shown in Figure 5.36, further 
confirming the crystal structure of In2O3 nanoparticles. It was found that the lattice spacing of 
0.29 nm between the adjacent fringes (HRTEM image in Figure 5.36b) corresponds to the d-
spacing of the (222) planes in cubic In2O3. 
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Figure 5.36: (a) SAED pattern indicating of In2O3 nanoparticles (b) HRTEM image featuring 
the lattice spacing of the In2O3. 
 
5.3.3. WO3 Nanostructures 
 
The WO3 nanostructures were chosen for this PhD thesis due to their excellent gas sensing 
properties as discussed in Chapter 2. The performance of the WO3 based sensors when 
exposed to gaseous analytes is significantly influenced by the films’ morphology [18]. 
Therefore, it is projected that the WO3 nanostructured films will exhibit excellent gas sensing 
properties towards C2H5OH, H2 and NO2 as compared to those reported in literature [19]. 
Micro-characterisations were performed to identify the quality of the WO3 nanostructures 
which have been fabricated using different deposition techniques such as anodization, RF 
sputtering, acid etching and PLD. This includes the films that are combined with different 
catalytic metals (Pd and Au) onto different transparent substrates.  
 
5.3.3.1. WO3 Nano-platelets: Anodization 
 
Figure 5.37a and b represented the SEM images of anodized WO3 prepared in HNO3. The 
film consisted of thin irregular-shaped nanoplatelets with the average thickness of less than 40 
(a) (b) 
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nm, while relatively sparse thick imperfect rectangle nanoplatelets (~80 nm) grown on top of 
these thin nanoplatelets.  
 
Figure 5.37: SEM images of an anodized WO3 film in HNO3 at (a) low magnification and 
(b) high magnification. 
 
Figure 5.38a and b shows that the anodized film in H2SO4 was composed of regular sphere-
shaped nano-flakes with the average dimension of 300 nm and thickness of less than 30 nm. 
 
 
Figure 5.38: SEM images of an anodized WO3 film in H2SO4 at (a) low magnification and 
(b) high magnification. 
 
Figure 5.39 illustrates the XRD patterns of both the WO3 films after annealing. It showed that 
both films were transformed into orthorhombic WO3 upon annealing as distinguished 
orthorhombic WO3 peaks (‘*’, JCPDS 20-1324) appeared in the patterns.  
(a) (b) 
(a) (b) 
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Figure 5.39: XRD patterns of anodized WO3 films in HNO3 (black line) and H2SO4 (grey 
line) after annealing at 450 ºC. 
 
Raman spectrum of these films shown in Figure 5.40 further confirmed the transformation to 
orthorhombic WO3, as the peaks at 185, 272, 327, 440, 713 and 810 cm-1 all represented the 
bending and stretching modes vibration of orthorhombic WO3.  
 
 
Figure 5.40: The Raman spectrum of the synthesized WO3 films. 
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5.3.3.2. WO3 Nanoplatelets and Nanoporous: Acid 
Etched 
 
The obtained SEM images of WO3 films synthesized using three different acids are shown in 
Figures 5.41a - c. Image in Figure 5.41a revealed the surface morphology of “HNO3-WO3” 
sample consisting of vertically-aligned nanoplatelets with dimension of 100 − 300 nm and 
average thickness of ~30 − 40 nm. These nanoplatelets showed profound rectangular shapes 
with sharp edges which are similar to those reported previously [20-22]. The inset shows a 
thin layer that formed on top of the RF sputtered layer. Completely different surface 
morphology shown in Figure 5.41b (“H3PO4 – WO3” sample) revealed organized nanoporous 
film. As for the “H2SO4 – WO3” sample (Figure 5.41c), thin nanoplatelets of irregularly 
shaped edges found distributed on top of the layer composed. Difference of the 
nanostructured WO3 in Figure 5.41a and c can be distinguished by the edges formed which is 
irregular and uneven (“HNO3 – WO3”) to sharp and pointy (“H2SO4 – WO3”). 
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Figure 5.41: SEM images of WO3 films synthesized using different acidic environments (a) 
HNO3 (b) H3PO4 (c) H2SO4. Insets show the tilted view of the corresponding synthesized 
WO3 nanostructures. 
 
Chemical composition and the crystallinity of the as-deposited WO3 thin films as well the as-
etched “HNO3 – WO3”, “H2SO4 – WO3”, and “H3PO4 – WO3” on the substrates was 
examined using XRD analysis. According to the XRD patterns of as-deposited “HNO3 – 
WO3”, “H2SO4 – WO3”, and “H3PO4 – WO3” shown in Figure 5.42a, it was found that the 
selection of etching agents corresponds to the chemical composition of the examined films. 
As for the as-deposited “HNO3 – WO3” sample which was prepared in the strongest 
oxidation environment, poorly oxidized part of the W metal showed few cubic traces of W3O 
peaks (ICDD 41-1230) while the rest transformed into triclinic WO3. Similar outcome was 
observed for the “H2SO4 – WO3” sample which indicates triclinic WO3 structures were not 
(a) 
(b) 
(c) 
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able to be distinguished. However, it was observed that a certain portion of W metal remains 
in the “H3PO4 – WO3” sample as strong W peaks with high intensity appeared at 36.6, 40, 
and 43.9.  
 
 
Figure 5.42: XRD spectra of the (a) as deposited nanostructured WO3 thin films synthesized 
using acids (i) HNO3 (ii) H2SO4 (iii) H3PO4 and (b) corresponding annealed nanostructured 
WO3 thin films. 
 
It is worth mentioning that tungstite is a common product when acid etching method is 
utilized at elevated temperatures. However, in this experiment, we only obtained crystalline 
WO3. This may be due to the insufficient amount of tungstate (WO42-) ions due to the thin W 
layer (~200 nm) which provide the basis to form tungstite ( OHWO 23 · ) according to the 
following formula: 
 
OxHWOxHWO 23
2
4 2 ⋅→+
+−  5.4 
 
(b) 
(a) 
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XRD patterns of the thermally annealed three samples (Figure 5.42b), confirms that the 
W/W3O residues in these samples are fully oxidized and transformed into mainly triclinic 
WO3 (ICDD 20-1323). 
 
Figure 5.43: (a) XPS survey spectra acquired from surface of the synthesized WO3 films 
after annealing at 450 °C, (b) W 4f core-level spectra of annealed WO3 samples, (c) O 1s 
core-level spectra of the annealed WO3 samples. 
 
XPS analysis was carried out to further confirm the purity of the fabricated samples as well as 
to check the electronic state of the samples. Figure 5.43a shows the XPS survey spectra for 
the three annealed as-etched WO3 samples. It was found that WO3 was clearly the dominant 
oxidation state for all examined samples. From these results, we observed that impurities such 
as carbon (C) are not present in all of the samples. In Figure 5.43b, the W 4f core-level 
spectra have revealed that all the samples for tungsten atoms are in the formal valence state 
W6+ [23]. 
 
(a) (b) 
(c) 
Chapter 5: Materials Characterisation: Techniques and Results 
 
 146 
Table 5.2 O 1s, W 4f5/2 and W 4f7/2 peaks for the as-etched WO3 samples after annealed 
 
O 1s W4f5/2 W 4f7/2 
HNO3 – WO3 530.44 37.88 35.68 
H3PO4 – WO3 530.7 37.78 35.68 
H2SO4 – WO3 530.48 37.71 35.61 
 
Their 4f peaks binding energies (Table 5.2) were observed at to very close to those reported 
values of the W 4f5/2 and W 4f7/2 components in tungsten oxides [23]. The XPS O 1s (Figure 
5.43c) core-level binding energies of the tungsten oxide samples of “HNO3 – WO3”, “H2SO4 
– WO3”, and “H3PO4 – WO3” examined correspond to be close to the reported value of   
530.6 eV. Exact values of the O 1s, W 4f5/2 and W 4f7/2 are given in Table 5.2. 
 
5.3.3.3. WO3 Nanostructures with Au Nanoclusters 
 
In this section, Au catalytic layers were employed with RF sputtered WO3 thin films. SEM 
images before annealing did not show any meaningful morphology thus SEM images after 
annealing was shown here (Figure 5.44b).  
 
 
Figure 5.44: (a) HRTEM image of Au cluster on amorphous carbon showing the size and 
mono-dispersity of the cluster and (b) SEM image of WO3 films coated with Au nanoclusters 
deposited via spin-coating. 
 
(a) (b) 
Element 
peak 
As-etched 
WO3 
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HRTEM image in Figure 5.44a shows as prepared Au clusters. They were identified by the 
dark structures with the sizes of ~1 – 1.5 nm in diameter. After being spin coated onto WO3 
films, the Au clusters agglomerated to form larger nanoparticles due to the annealing process. 
As shown by the SEM image in Figure 5.41b, the Au nanoparticles were identified by the 
bright structures distributed over the entire nanostructured surface of the WO3 layer. The 
agglomerated Au nanoparticles which covered the WO3 films (bright spots in Figure 5.44b) 
are measured to be in the sizes of 10 – 40 nm. The Au clusters are uniformly distributed with 
an average density of 2.2 × 1010 cm-2 for all samples as observed in SEM images. 
 
As in Figure 5.45, EDX analysis of the Au/WO3 films on quartz substrates verified the 
presence of Au, W and O in the films. Strong peaks of W and O indicated the films are mainly 
consisted of WO3. The presence of silicon (Si) and carbon (C) peaks is caused by the quartz 
(SiO2) substrates and the carbon tape used to attach the samples on the stage, respectively. 
The EDX analysis also indicates the overlapping peaks for W and Si elements. 
 
 
Figure 5.45: EDX spectrum of the WO3 films coated with Au nanoclusters, deposited on 
quartz substrates. 
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Figure 5.46 illustrates the absorbance spectra of WO3 films (thickness ~ 500 nm) without and 
with Au catalyst. The deposition of Au onto WO3 films also slightly shifts the spectrum 
towards blue region as well as increases the absorbance magnitude. The change in the 
absorbance spectra of the WO3 films coated with the catalytic metals indicates the 
modification of the optical band gap of the films. Based on the Tauc’s equation [12, 24], the 
optical band gap of the sputtered WO3 films could be estimated with reference to their 
absorbance spectra measured at room temperature. 
 
 
Figure 5.46: Absorbance versus optical wavelength spectra of sputtered WO3 coated with Au 
nanoclusters on quartz substrates. 
 
The band gap estimation curves which were derived from the films absorbance spectra is 
shown in Figure 5.47. The band gap is the value where the tangent to the curve intersects the 
band gap energy axis as shown by the extrapolation of the dashed lines in the figure. It is 
observed in Figure 5.44 that the optical band gap reduces when the WO3 films were coated 
with Au. Optical band gap of the single layer sputtered WO3 was found to be 3.36 eV.  
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Figure 5.414: Estimated optical band gap of sputtered WO3 (3.36 eV and Au/WO3 (3.00 eV). 
 
This value is within the band gap of the sputtered WO3 films which is in the range of 3.00 – 
3.40 eV as reported in the literature [13]. After the WO3 films were coated with Au, the band 
gaps reduced to 3.00 eV. It has been suggested that the deposition of the catalytic metal layer 
onto the metal oxide film reduces the band gap as it forms additional intermediate electronic 
states residing between the top of the valence band and the bottom of the conduction band 
[25]. 
 
5.3.3.4. WO3 Nanostructures with Controlled Au9 
Nanoclusters 
 
In this section, controlled amount of Au nanoclusters as catalytic layers were employed with 
RF sputtered WO3 thin films. The SEM study reveals presence of the WO3 nanostructures 
with the average size of ca. 50 nm in the images of the pure, RF-sputtered WO3 films thin 
film after annealing to 400 °C (Figure 5.45a). Although SEM is clearly not fit for imaging of 
ultra-small atomically precise clusters, such as Au9 used in this study, it is useful nevertheless 
as a non-destructive technique which allows imaging over large areas. SEM images of the 
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WO3 films modified with Au clusters (after annealing) suggest presence of relatively large 
gold nanoparticles of their aggregates sparsely and reasonably uniformly scattered at the 
surface (Figure 5.48b). 
 
 
Figure 5.48: SEM images of (a) RF sputtered WO3 thin film after annealing to 400 °C. Inset: 
higher magnification image of the WO3 film highlighting its nanostructured nature with ca.  
50 nm average size of the crystallite; (b) large Au nanoparticles (white spots) dispersed on 
WO3 thin films. 
 
The X-ray diffraction analysis of the as-prepared sputtered WO3 films with Au nanoclusters 
(Figure 5.49) shows peaks that are in good agreement with the monoclinic WO3 JCPDS card 
83-0950 and orthorhombic WO3 JCPDS card 71-0131. After the annealing process, the 
analysed XRD spectra of the thin film (top spectrum) shows intensified peak of monoclinic 
WO3 JCPDS card 83-0950 as well as triclinic WO3 JCPDS card 83-0947. It is known that at 
room-temperature, the γ-monoclinic structure is known to be stable amongst the other 
structures of WO3 [26]. Therefore, analysis of both samples showed the occurrence of 
monoclinic phases of which confirm to the WO3 structures. This behaviour is due to the other 
phases which generally convert into monoclinic structure when returned to room temperature 
[27]. The XRD spectra show hints of the peaks which could be associated with Au of cubic 
structure of Au-phase (JCPDS No. 03-0921) and which can be observed from both samples. It 
(a) (b) 
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is important to realise that small Au nanoparticles (sub 3 nm) and ultra-small Au clusters 
would be invisible in XRD spectra due to line broadening. 
 
 
Figure 5.49: XRD patterns of (a) as prepared WO3 (b) annealed WO3, and (c) annealed 
Au/WO3. 
 
It is analysed that the binding energy (Eb) of the tungsten 4f7/2 of the both S1 and S2 samples 
are found at 36.0 ± 0.1 eV which is similar to literature reported values [23, 28, 29]. However, 
the Eb of the tungsten 4f7/2 of the tested S1 and S2 samples has a minute shift of - 0.3 eV. This 
shift to 35.7 ± 0.1 eV could be due to loss of oxygen during the second annealing. Similar 
peak positions have been reported for WO3 deposited employing various techniques, such as 
thermal evaporation [30, 31], chemical vapour deposition [29] and sputtering (RF and DC) 
[23]. This shift could be influenced by the film thickness as well as the evolution of band-
bending that occurs due to WO3 – gold interaction at significant metal loadings [30]. It is well 
known that exposure of the WO3 thin films to at elevated temperature (> 350 °C) leads to 
higher peak intensity, which is due to the removal of adventitious carbon [32]. However, it is 
the broadening of peaks that is associated with the change in stoichiometry of the sample 
surface [33, 34]. Formation of the oxygen vacancies can be ruled out as one of the dominant 
factors for studied here materials towards becoming films with good gas sensing capabilities 
[35]. 
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The peak for the O 1s core level in the high resolution XP spectra of the tested and untested 
S1 and S2 samples (Figure 5.50c), was observed at 531.0 eV for untested samples shifting to 
530.6 eV after testing. Values of the O 1s binding energy reported in the literature vary from 
530.7 to 530.4 eV, with variations explained by the thickness, specific nature of materials as 
well as their preparation (conditions of annealing, temperature and duration etc.) [34]. A small 
shoulder centred at about 532.1 eV is observed in the as-deposited and 400 °C annealed films. 
This shoulder becomes more pronounced when the film is annealed at temperature higher than 
400 °C. 
 
 
Figure 5.50: XPS spectra of Au/WO3 annealed samples (a) tungsten 4f spectra, (b) gold 4f 
spectra, (c) oxygen 1s spectra. Energy scale has been calibrated with first carbon peak which 
is attributed to adventitious carbon. 
 
In the Au spectra, the observed peak position could be due to the sintering of certain, 
significant proportion of the total population of the gold clusters into larger particles (as 
hinted by SEM and XRD discussed above) under the high temperature regime of the 
experiment or the annealing process. Importantly, as was highlighted by Hutchings et al. [36] 
(a) 
(c) 
(b) 
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detecting ultra-small Au clusters using “bulk” surface sensitive XPS technique is challenging 
when larger Au particles account for a significant proportion of total Au atomic %. Diffusion 
of the gold into the depth of the 500 nm think WO3 film upon testing at elevated temperatures 
might account for the observed diminution of the intensity in case of S1 series samples. 
 
 
Figure 5.51: (a) HRTEM images of sub-5 nm Au nanoparticles on WO3 support (inset: gold 
nanoclusters at higher magnification - highlighted in circles) (b) the lattice structure of Au can 
be seen with lattice fringes of about 4.08 Å. 
 
Further characterization of the Au/WO3 films using high resolution transmission electron 
microscopy (Figure 5.51) indicates presence of Au nanoclusters of smaller sizes, which are 
believed to play an important role in defining performance of the developed sensors which 
will be reported in Chapter 6. Importantly, HRTEM images show a significant proportion of 
the sub-5 nm gold nanoclusters on WO3 support (in addition to rather large Au particles 
observed earlier by SEM as well as by TEM). Imaging of ultra-small Au clusters on oxide 
supports using conventional HRTEM becomes progressively more challenging as particle 
sizes decrease due to the instrumental limitations and difficulties associated with diminishing 
differences in contrast between particles and support. The inset of Figure 5.51a shows a 
zoom-in image on a selected area with selected sub-5 nm gold nanoclusters highlighted.  
 
(a) (b) 
Chapter 5: Materials Characterisation: Techniques and Results 
 
 154 
 
Figure 5.52: SAED parallel to the (001) axis. 
Figure 5.52 shows the selected area electron diffraction (SAED) pattern of the Au/WO3 
composite. Finally, it should be once again noted that presence of the truly un-aggregated 
gold clusters with gold core diameters of less than 1 nm (as would be expected for Au9) can 
prove elusive by HRTEM due to the poor contrast with the support material, in this case 
tungsten oxide, while electron or X-ray diffraction are not expected on a small piece of the Au 
lattice corresponding to Au9 core. 
 
5.3.3.5. WO3 Nanorods: PLD 
 
In this subsection, the WO3 was deposited via PLD in a joint collaboration research with 
Professor Joon-hee Kang’s group from University of Incheon, Republic of Korea. Figure 5.50 
shows the SEM micrograph of the deposited WO3 thin films. The low magnification SEM 
image in Figure 5.53a reveals the uniform and homogeneous growth of WO3 nanostructured 
films on the quartz surface (on left of image) and on the Au IDT (on right of image). From the 
high magnification SEM image in Figure 5.53b the size of the nanorods was estimated to be 
approximately 50 nm in diameter. 
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Figure 5.53: SEM images of deposited WO3 thin film at (a) low magnification (b) high 
magnification. 
 
XRD analysis was employed to determine the crystallographic structure of the grown films, 
and the results are shown in Figure 5.54. The XRD peaks corresponded to the monoclinic 
WO3 [ICDD 83-0947]. The study indicates good crystalline formation of the thin film. 
 
 
Figure 5.54: XRD pattern of deposited WO3 films. 
 
Further imaging towards the nanostructured thin films employing TEM microscope reveals 
the approximate WO3 nanorod size of 50 nm as shown in Figure 5.55a. The high resolution 
TEM (HRTEM) image of the nanorods based WO3 (shown in Figure 5.52b) reveals the WO3 
lattice spacing of 3.79 Å corresponding to the (020) plane of monoclinic WO3.  
 
(a) (a) (b) 
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Figure 5.55: (a) TEM image of deposited WO3 thin film; (b) lattice fringes of the WO3 on 
(020) plane. 
 
5.3.3.6. WO3 Nanorods: RF Sputtering with GLAD  
 
In this section, the WO3 thin films were deposited by the group at NECTEC, Pathumthani, 
Thailand by the jointly collaboration work. The glancing angle deposition (GLAD) technique 
reported is similar as reported elsewhere [37]. Figure 5.56 shows typical SEM images of 
sensor surface in various regions at different magnifications. The low-magnification image 
(Figure 5.56a) indicates different morphologies of WO3 structures grown on the Au electrode 
and SiO2 substrate surfaces. At high magnification, it is seen that WO3 nanostructures grown 
on top of the SiO2 surface of the transducer (Figure 5.56b) exhibit almost smooth top round 
features while those on Au electrode surfaces of the transducer (Figure 5.56c) show relatively 
rough morphologies with smaller nanodots decorated on the round aspects – featuring a 
raspberry-like surface. The diameters of the round features are estimated to be in the range of 
40 - 80 nm. It should be noted that similar top surface morphologies have been observed from 
WO3 films with different thicknesses (W1, W2 and W3). 
 
(a) (b) 
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Figure 5.56: (a) SEM images of the nanostructured WO3 thin films growth on 
conductometric surfaces of (b) SiO2 (c) Au (IDT). 
 
Figure 5.57 illustrates cross-sectional SEM images of the nanostructured WO3 thin films on 
SiO2/Si surface with three different controlled thicknesses. It becomes clear that the observed 
round features are actually the top surfaces of high-density vertically aligned columnar 
nanorod structures. The formation of partially isolated nanocolumnar structure can be 
attributed to enhanced shadowing and limited diffusion effects occurred under conditions of 
glancing angle deposition and low adatom mobility of WO3 [37-39]. Under this circumstance, 
vapour flux cannot directly reach certain region on substrate while adatom mobility is too low 
for surface diffusion to fill the voids, leading to porous columnar microstructure containing 
(a) 
(b) (c) 
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isolated grains inclined toward the vapour source. The adatom mobility characteristics of the 
material and deposition conditions determine the size of the isolated columns. From the SEM 
images, the average nanorod heights corresponding to film thickness of W1, W2 and W3 
samples were estimated to be approximately 140, 220 and 430 nm, respectively. The average 
nanorod diameters of W1, W2 and W3 samples were determined to be around 45, 55 and     
60 nm, respectively. It is noticeable that the diameter of the nanorods slowly increases with 
the nanorod height. This may be due to the adatom diffusion, which leads lateral growths of 
nanorods as deposition time increases. Moreover, the top end of nanorod grows bigger, which 
may also be due to adatom diffusion towards then end of sputtering process. 
 
 
Figure 5.57: Cross sectional SEM images of the nanostructured WO3 thin films on SiO2 
surface with different controlled thicknesses of varying deposition time (a) ½, (b) 1, and      
(c) 2 h. 
 
The GIXRD patterns of WO3 nanorods on SiO2/Si substrates with different thickness are 
shown in Figure 5.58. It is evident that all nanostructured WO3 thin films exhibits similar 
XRD peaks, which can be closely matched to the polycrystalline monoclinic WO3 phase 
(JCPDS: 43-1055). Here the particle size were determined using the Scherrer’s equation [40] 
given by, 
W1 
W2 
W3 
(a) 
(b) 
(c) 
Chapter 5: Materials Characterisation: Techniques and Results 
 
 159 
 
BtBK θλ cos=  5.5 
 
where K is the constant which is dependent on the crystallite shape, λ is the X-ray wavelength, 
t is the thickness of the crystallite, B is the Bragg’s angle and θB is the full width at half max 
(FWHM) or the integral breadth of the angle. By fitting the data in Figure 5.55 using 
Scherer’s equation (Eq. 5.5), crystallize size for WO3 nanorods of W1, W2 and W3 samples 
are determined to be 20.4, 21.5 and 23.9 nm, respectively. It can be seen that crystallite size of 
WO3 nanorods tends to increase with increasing film thickness. The trend is the same as that 
of nanorod diameter. In addition, it can be noticed that the WO3 nanorods with different 
thicknesses have different preferred crystallographic orientations. The preferred 
crystallographic orientation of the thinnest film (W1) is (002), which changed to (200) for 
thicker film (W2) and both planes become preferred orientation for the thickest film (W3). 
This indicates the crystal arrangement of WO3 nanorods is quite sensitive to the film 
thickness. 
 
 
Figure 5.515: XRD pattern of the nanostructured WO3 thin films with different controlled 
thickness. 
 
The survey XPS spectra examined in the 0 - 1350 eV range (Figure 5.59a) of the 450 °C 
annealed films shows consistent chemical compositions for all samples. The core level W 4f 
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spectra in Figure 5.59b gives the binding energy peaks of tungsten (W4f5/2 and W4f7/2) of 
35.78 and 37.9, 35.72 and 37.88, and 35.4 and 37.9 eV for W1, W2 and W3, respectively. 
This agrees with the other reported sub-stoichiometric WO3 nanostructures [41]. O 1s peak in 
Figure 5.59c shows a single gaussian component centred at 530.92, 530.88, and 530.78 eV for 
W1, W2, and W3 respectively. The value is also close to the commonly reported value of O 
1s at 530.6 eV [23, 41]. 
 
 
Figure 5.59: XPS spectra of the nanostructured WO3 thin films (a) wide survey scan (b) core 
level W 4f and (c) O 1s. 
 
(a) 
(c) 
(b) 
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Further characterization of WO3 nanostructures was performed by TEM with a high 
resolution capability. The images show that the fabricated WO3 nanostructures have nanorod 
features, which are similar to some tree-like structures. The image in Figure 5.60a shows a 
consistent size of the rod features with approximate diameter ranging from 40 to 60 nm. The 
HR-TEM image obtained (Figure 5.60b) illustrates crystalline rod-like features with a crystal-
lattice having inter-planar spacing that correspond to (200) and (020) planes. The calculated 
inter-planar distances are 0.364 nm for A and 0.376 nm for B, which can readily be assigned 
to the (200) and (020) crystal planes, respectively. The electron diffraction pattern provided in 
Figure 5.60c clearly displays a polycrystalline crystal structure of partially oriented WO3 
nanorods. 
 
 
Figure 5.60: TEM images of WO3 nanostructures: (a) clear rod like features of approx. 40 – 
60 nm (b) lattice fringes of the WO3 nanostructure which can be clearly observed, and (c) 
SAED pattern of the nanostructure. 
 
5.3.4. MoO3 Nanoplates 
 
SEM images of MoO3 thin films grown on quartz substrates are shown in Figure 5.61. This 
figure shows the surface of the film grown at 200 °C. The image reveals the nanoplates shape 
grains, vertically aligned to the substrate, and was sparsely distributed over the substrate 
surface. As the deposition temperature was increased to 250 °C densely grown nanoplates 
(a) (b) (c) 
A 
B 
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were observed on the film surface, as shown in Figure 5.62. Further increase in the substrate 
temperature to 300 °C shows MoO3 nanostructures with occasional large grains - inset of 
Figure 5.63. In this image, most of the film surface was featureless without the formation of 
any clear grain boundaries. This dynamic growth behaviour of MoO3 films is compared to the 
growth shape of WO3 films. The columnar growth of nanorods in WO3 film fabrication could 
be obtained without much dynamic feature changes. The SEM image in Figure 5.61b exhibits 
clear growth of WO3 nanorods films in the same growth chamber. 
 
 
Figure 5.61: (a) SEM images of the MoO3 film grown at 200 ºC, (b) SEM image of WO3 
nanorods based thin films using the same parameters. 
 
 
Figure 5.62: SEM images of the MoO3 film grown at 250 ºC. At this deposition temperature 
of  250 ºC, densely grown nanoplates were observed. 
(a) (b) 
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Figure 5.63: SEM images of the MoO3 film grown at 300 ºC 
 
Table 5.3 shows the thicknesses of the films grown at various substrate temperatures. As we 
increased the substrate temperature the film thickness reduced rapidly. This proves that the 
MoO3 particles do not stick very well to the substrate surface at or above 350 °C. 
 
Table 5.3: Thickness variation of MoO3 thin films for different substrate temperatures 
substrate temperature (°C) 200 250 300 350 400 
film thickness (nm) 400 180 110 35 25 
 
Figure 5.64 shows the XRD patterns of the MoO3 thin films grown on quartz substrates at 
various deposition temperatures. For the films prepared at the substrate temperatures of 
250 °C and 300 °C, the peaks are in good agreement with the MoO3 ICSD card no. 035076, 
with predominant reflections corresponding to (120) and (060) crystal planes mixed with 
other minor directional growths. This shows that good crystalline orthorhombic α-MoO3 
grains were grown at the substrate temperatures of 250 and 300 °C.  
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Figure 5.64: XRD patterns of the MoO3 thin films deposited onto quartz substrate at the 
deposition temperatures of 200 °C (bottom), 250 °C (middle) and 300 °C (top). 
 
At the substrate temperature of 200 °C, the XRD patterns of the MoO3 thin films were in 
good agreement with the ICSD card no. 080577, with several reflected peaks from various 
directional growths. This shows that the monoclinic β-MoO3 was grown at the substrate 
temperature of 200 °C. The crystallinity of the structure was significantly improved when the 
temperature was raised from 200 to 300 °C. 
 
 
Figure 5.65: Raman spectrum of MoO3 thin film deposited on quartz substrate. The peaks 
correspond to orthorhombic α-MoO3. 
 
Figure 5.65 shows the Raman spectrum of the MoO3 nanoplates’ film grown on quartz 
substrate at deposition temperature of 250 °C. Strong peaks at 996, 817, 663 cm-1 correspond 
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to the stretching mode of Mo-O-Mo bridge in the orthorhombic α-MoO3 phase [42]. Three 
peaks at 244, 283, 334 cm-1 agree well with the deformation modes in the orthorhombic        
α-MoO3 phase. The peak at 445 cm-1 could be from the deformation mode in a slightly 
hydrated orthorhombic α-MoO3 phase. There is no indication that there is any significant 
amount of the monoclinic β-MoO3 phase existing in the films [43]. This shows that the 
fabricated films consist of pure α-MoO3 nanoplates. 
 
Figure 5.66 and 5.67 illustrates the optical properties of the MoO3 film. The fabricated MoO3 
films have a good transparency of 65 - 80% when measured in the visible–NIR wavelength 
range. From the Tauc expression given in Eq. 5.3, the energy dependence of α in the region of 
absorbance edge can be calculated. The Eg of the MoO3 films were extrapolated based on 
their transmittance spectra as shown in Figure 5.66.  
 
 
Figure 5.66: The extrapolation of the optical band gap of the MoO3 thin films deposited onto 
quartz substrate. 
 
It was found that the MoO3 film’s Eg is 2.72 eV. The reported Eg values of MoO3 
nanostructures were within the 2.64 – 3.05 eV range [44, 45]. A large scatter in the values of 
the optical band gap has been reported for the films prepared from various deposition 
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techniques. Good value of the optical band-gap obtained in this work suggests that the films 
made are of high quality for applications in various electronic devices or gas sensors. 
 
 
Figure 5.67: Transmittance spectrum of the MoO3 thin film. 
 
5.3.5. Cu2O and CuO Nanostructures 
 
The author also employed nanostructured Cu2O and CuO based metal oxide materials during 
this study. These materials are known to be p-type metal oxide materials [46]. Figure 5.68a - d 
shows the XRD patterns of films resulting from variable sputtering power 60, 120, 200 and 
250 W. The deposition time was fixed to 9 minutes for these samples. As observed, copper (I) 
oxide (ICDD No. 3-0898 also known as cuprite or Cu2O) of (111) preferred orientation was 
observed exclusively at RF sputtering power of 250 W. While copper (II) oxide (ICDD No. 
48-1548 also known as tenorite or CuO) of ( 111
−
) was obtained at the lower powers of 60, 120 
and 200 W. Mixed phase (i.e. Cu2O together with CuO) was not observed in any of the films. 
The XRD patterns also show clearly-resolved diffraction peaks originating from the FTO 
substrate (ICDD No. 41-1445).  
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Figure 5.68: XRD patterns of Cu2O films deposited at the powers of: (a) 60 W (b) 120 W             
(c) 200 W and (d) 250 W. 
 
Based on these results, it is believed that the RF sputtering power plays a significant role in 
the conversion of CuO to Cu2O. In addition to this, no elemental copper trace was observed in 
the prepared films. The absence of metallic copper during the sputtering processes implies 
that the plasma deposition condition is in the reactive mode [47]. It has been suggested that by 
increasing the sputtering power, energy transferred to the sputtered adatoms and the incident 
particle kinetic energy near the substrate surface will also increase. These condition leads to 
higher mobility and surface diffusion length of adatoms, which result in an increase in the 
probability of their diffusion to most dense lattice (111) plane [48, 49]. 
 
Figure 5.69 illustrates the XRD patterns of Cu2O films (obtained at 250 W) deposited at 
different sputtering durations. It clearly appears that the phase composition of the reactively 
sputtered films is independent of the sputtering duration as all samples are Cu2O. However, it 
is found that the film deposited at for the duration of 9 minutes exhibit a stronger (111) peak 
intensity, which is an evidence for obtaining highly orientated films in time.  
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Figure 5.69: XRD profiles of Cu2O thin films for various sputtering time: (a) 3 minutes              
(b) 6 minutes (c) 9 minutes. 
 
As a result, the (111) crystallization is enhanced. In this study, the target to substrate distance 
was kept at 45 mm, which is significantly smaller than those reported for obtaining Cu2O by 
other, which were in the range of 60 to 70 mm [50, 51]. It is also noticed that by reducing the 
target to substrate distance plays a significant role in increasing the adatoms motilities and 
their surface diffusion length, which compensate for the lower substrate temperature and 
sputtering power in our case.   Furthermore, sheet resistance measurement has been carried 
out on both of the samples. The sheet resistance of Cu2O and CuO films were 15.95 Ω/□ and 
11.42 Ω/□, respectively. These values are in good agreement with earlier report by Katayama 
et al. [52] that obtained Cu2O by the electro-deposition technique. 
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Figure 5.70: The Cu 2p XPS spectra films obtained at (a) 200 W (which corresponds to CuO) 
and (b) 250 W (which correspond to Cu2O). 
 
In order to obtain a better understanding of the deposited materials’ elemental compositions, 
an XPS analysis was performed for samples obtains at 200 and 250 W for 9 minutes. Figure 
5.70 shows the photoelectron spectrum of Cu 2p for the analysed films. The peaks at 933.6 
and 953.6 eV correspond to the binding energies of Cu 2p3/2 and Cu 2p1/2, respectively, for 
the film deposited at 200 W (Figure 5.70a). While, the peaks at 932.5 and 952.0 eV 
correspond to the binding energies of Cu 2p3/2 and Cu 2p1/2, respectively for the film 
deposited at 250 W (Figure 5.70b). The results are in good agreement with previous report by 
Lu et al. [53]. These energies further clarify the existence of the CuO and Cu2O phases for the 
films obtained at 200 and 250 W, respectively. 
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Figure 5.71: SEM images of (a) FTO and Cu2O films deposited at (b) 3 minutes,                 
(c) 6 minutes and (d) 9 minutes. 
 
The change in the crystallinity, as a function of the deposition time, is also depicted in the 
SEM figures. The surface morphologies of the films were directly influenced by the 
deposition duration. For comparison, Figure 5.71a is presented that illustrates the SEM image 
of FTO glass substrate. The SEM images of the films at different sputtering time are shown in 
Figures 5.71b – d. It can be seen that the film shown in Figure 5.71b contains small grain size 
composed of irregular shapes. Figure 5.71c shows the increase in the grain size after               
6 minutes. As the sputtering duration is increased to 9 minutes, the grain size of the Cu2O is 
increasing (Figure 5.71d) even further. In addition, the grains show a distinctive quadrangular 
morphology with clear boundaries. Figure 5.72 shows the TEM micrograph of Cu2O thin film 
deposited at 250 W for sputtering rate of 9 minutes. The dimensions of the grains range from 
20 to 80 nm. 
 
(c) (d) 250 nm 250 nm 
(b) 250 nm (a) 250 nm 
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Figure 5.72: TEM micrographs of nano Cu2O film deposited at 250 W, 100 °C for 9 minutes. 
 
5.4. Conclusions 
 
In this chapter, the characterisation techniques which were utilised by the author as well as the 
collaborators to analyse the surface morphology, crystallographic structure and stoichiometric 
composition of the nanomaterials were briefly described. The characterisations of the ZnO 
nanostructures (nanowires, nanorods, nanoflowers, nanosheets and nanopyramids), WO3 
nanostructures (nanoplatelets, nanorods, nanoporous and nanocrystallines), In2O3 
nanoparticles, MoO3 nanoplatelets, Cu2O and CuO nanograins were presented. The SEM 
investigations of the synthesized and deposited nanomaterials were conducted to determine to 
approximation of the surface-to-volume ratio. The SEM images provided here supported the 
qualitative analysis of the surface morphology, as well as the nanostructural dimensions and 
orientations. As mentioned earlier, these obtained parameters possess valuable information 
towards the understanding and further correlating the performance of the developed sensors. 
Further investigations onto the developed nanomaterials by methods such as TEM (helps to 
confirm the images obtained via SEM) and XRD provide qualitative analysis in terms of the 
crystallographic structures and phases which constitute the building blocks of the 
nanomaterials. Other valuable aspect such as the quantitative analysis onto the developed 
5 nm 
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nanomaterial includes the particle counts, thickness and stoichiometric composition in which 
the author employed XPS and EDX techniques. These analyses were performed to examine 
the stoichiometric and elemental composition of the developed metal oxides after the 
deposition, after annealing, as well as after exposure towards gaseous analytes to determine 
the metal and oxygen ratio comprised in the deposited material. 
 
The key findings of the characterisations of the nanomaterials, studied in this PhD thesis, are 
presented and summarised as in the following table: 
 
Table 5.4: Metal oxide nanostructures and their deposition techniques employed during the 
PhD research. 
Metal oxide nanostructures Deposition techniques 
ZnO nanowires SILAR 
1D ZnO nanorods Thermal decomposition 
ZnO nanoflowers Solvothermal 
ZnO nanosheets Solvothermal 
ZnO nanopyramids Solvothermal 
In2O3 nanoparticles Solvothermal 
WO3 nanoplatelets Anodization 
WO3 nanoplatelets Acid etching 
WO3 nanoporous Acid etching 
Au/WO3 nanotextured RF sputtering 
WO3 nanorods PLD 
MoO3 nanoplates PLD 
CuO nanograin RF sputtering 
Cu2O nanograins RF sputtering 
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From the given table, it is predicted that the nanostructures with the largest surface-to-volume 
ratio will theoretically have the highest sensitivity towards the targeted analytes. As it has 
been proven by myriads of reports in literature, high surface-to-volume ratio provides higher 
possibility of reactions between the surface of the nanostructures and the gaseous molecules.  
 
As mentioned previously in Chapter 1, the presence of additional growth on nanostructures or 
substructures including sharp edges and corners can affect the sensors’ sensitivity towards 
target analytes. Although some of the CuO and Cu2O based nanostructures do not possess 
sharp corners and edges, it is expected that they will play a significant role in the sensor’s 
electrical and gas sensing characteristics. Electrical and gas sensing measurements of the all 
samples were investigated towards C2H5OH at different operating temperatures up to 300 °C. 
 
Such characteristics mentioned above are the key role for obtaining desirable sensors in the 
field gas/vapour sensing. In addition to these criteria, high quality crystallinity and orientation 
alignment are as important in order to have an efficient electron and photon transport in the 
gas/vapour sensing applications.  
 
In the next chapter, the electrical properties of the developed nanostructured conductometric 
and optical based sensors will be characterised. The change in electrical characteristics in the 
sensors as they are exposed to H2, NO2, and C2H5OH gas/vapour will be examined in detail. 
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Gas Sensing Setup and Results 
 
 
6.1. Introduction 
 
 
In Chapter 1, the author described the motivation of conducting research regarding selected 
nanostructured materials for gas sensing applications. Then the literature reviews of these 
nanostructured materials were presented in Chapter 2. In Chapter 3 and 4, the theory and 
fabrication of conductometric and optical based transducers were presented, respectively. The 
physically deposited (RF sputtered and PLD) as well as the chemically synthesis deposition of 
the nanostructured materials were described in the following chapter. Subsequently, the 
characterizations of nanostructured materials were given in Chapter 6.  
 
In this chapter, the electrical measurement set-ups for conductometric and optical based gas 
sensors are given in Section 6.2. The testing procedures also are included in this section. 
Section 6.3 presents the gas sensing results for all the developed gas sensors. Here the section 
is divided into six subsections in which the gas sensing results comprise of ZnO and the 
developed nanostructures, In2O3 nanoparticles, WO3 and the developed nanostructures, 
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MoO3 nanorods, Cu2O and CuO nanostructured based gas sensors are discussed. Finally, 
section 6.4 provides the summary of this chapter. 
 
6.2. Experimental Set-up and Gas Testing System 
 
In this chapter, the experimental methodology and gas sensing results of devices based on the 
author’s synthesized nanostructured metal oxide based materials will be presented.  
 
The custom designed gas sensor calibration system was used for the characterization of the 
developed gas sensors with respect to time, gas concentration and operational temperatures. 
The gas sensing characteristics were analysed and assessed for their potential in realistic 
sensing environments. Sensors based on two different sensing technologies were investigated, 
the first being conductometric, taking advantage of carrier concentration changes of ZnO and 
WO3; and the second optical, utilising the gasochromic properties of WO3. Testing 
methodologies will be presented, with a focus on theoretically predicted sensor behaviour and 
experimental trends, where applicable. Sensing data will first be presented as direct sensor 
output signal such as resistance or transmission, and later compiled into comparison matrix of 
the developed sensors’ specifics such as: sensitivity, dynamic range, response and recovery 
time, and optimal operating temperatures. 
 
In order to be mounted into the gas testing chamber, each fabricated transducers (with metal 
oxide sensitive layers) electrical pads are connected with 99.99% gold ribbon purchased from 
SPM, Montvale, NJ, USA with a mixture of silver epoxy and resin on a 1:1 ratio and left to 
dry in air for 15 minutes at 100 °C. These silver epoxy resins (EE 129-4 – Part A) and 
hardener (EE 129-4 – Part B) were purchased from Epotek Technology of Billerica, MA, USA. 
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In this PhD work, the author has extensively employed a 4-channel gas calibration system to 
test the developed nanomaterial based gas sensors. The system consisted of both hardware 
and software components to allow full automation. The hardware system comprises of a gas 
chamber, an environmental chamber, amplifiers, a high precision multimeter, a programmable 
DC power supply, computer controlled gas calibration set up, and sequence control and data 
acquisition computer. The test chamber was placed inside the environmental chamber for 
thermal, mechanical and electrical shielding. The designed system has the flexibility to 
control and reproduce the operational conditions of the sensors. The developed system allows 
conductometric sensor electrical characterization by replacing some components. 
 
6.2.1. Conductometric Gas Sensing System 
 
In order to test the nanomaterial based gas sensors, a multi-channel gas calibration system was 
developed based on volumetric mixing of gases using four mass flow controllers (MFCs). The 
gas delivery system has the ability to accurately control and vary the concentration of four 
different gases simultaneously. In this PhD work, the author has employed two channels or 
MFCs at a time, one for synthetic air and one for the target analyte. The concentration of the 
gas was varied by changing the synthetic air to analyte gas ratio while maintaining a constant 
flow rate of 200 sccm. Highly pure gas cylinders of low concentration analyte gas balanced in 
synthetic air were used for this work. The gas cylinders were connected to the computer 
controlled MFCs to deliver a constant flow rate of 200 sccm to the gas cell. The gas sensing 
set up consists of four MFCs, a MFC controller, a gas cell, an environmental chamber, two 
computers, a temperature logger, a multimeter and a two channel DC power supply shown in 
Figure 6.1 which shows a schematic of the conductometric gas sensing set-up. In Figure 6.2, 
the gas sensing chamber shown was fabricated using thick machined TeflonTM blocks and a 
fused quartz cover was employed as the cover. The approximate volume of the gas chamber 
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setup is ~30 mm2. The small volume of the gas chamber ensures short gas equilibrium times 
within the chamber, and hence, the response times can be considered to be the true response 
of the gas sensors. The developed nanostructured metal oxide based conductometric sensors 
were mounted inside the gas cell which was then enclosed by an environmental chamber to 
maintain an ambient temperature at 22 °C. Heating provided to the sensors was provided by a 
stand-alone alumina based micro-ceramic heater placed underneath the sensor. The micro 
heater was purchased from Sakaguchi VOC. Corp, Japan as mentioned in Chapter 3. This 
heater is controlled by a regulated DC power supply. 
 
  
Figure 6.16: Electrical characterization and gas sensing apparatus for conductometric based 
sensors. 
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Figure 6.17: Gas sensing chamber for conductometric transducers. 
The resistance changes of the nanostructured metal oxide based conductometric sensors were 
recorded using a high precision Keithley 2001 multimeter. Custom LabVIEW-based software 
of was developed to autonomously control the experimental setup and log the sensor’s test 
data from the multi-meter (resistance measurement). Data was collected by the computer via a 
GPIB IEEE-488 standard bus connection. The sensor responses were displayed in real-time 
and saved for off-line processing and analysis. The developed software has enabled the author 
to control the data acquisition rate, frequency counter and multimeter settings, and graphical 
user display set-up. 
 
High temperatures, required to obtain optimum operating conditions for nanostructured metal 
oxide semiconductor based sensors, were achieved by testing over a range of temperatures in 
increments of approximately 20 °C and 50 °C, depending on the nanostructured based sensors. 
A thermocouple was used to obtain a real-time reading of the sensor surface temperature with 
1 °C accuracy.  
 
The constructed nanostructured metal oxide based gas sensors were exposed to a sequence of 
gas pulses (different concentrations) and this pulse sequence repeated a few times at each 
operating temperature until stable responses were observed. Certified gas cylinders of high 
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purity dry synthetic air and C2H5OH of 200 and 500 ppm concentration as well as NO2 of   
10 ppm balanced in synthetic air (Coregas Ltd., Australia) were used. Each pulse sequence 
contains repetition of one concentration of analyte to test sensor’s repeatability. In most cases, 
repeatability and sensitivity of the nanostructured metal oxide based sensors were confirmed. 
Gas exposure time was fixed for each pulse of analyte gas and the cell was purged with 
synthetic air for fixed periods of time between each pulse to allow the surface of the sensor to 
recover to atmospheric conditions. A sequence control computer was employed to automate 
sensor operating temperature and the pulse sequence of varying analyte concentrations. 
 
6.2.2. Optical Gas Sensing System 
 
This setup was attached to a gas calibration system with a computer controlled mass flow 
controllers (MFC) regulating flow rate at 200 sccm. In this system, the multi-channel gas 
calibration setup (MKS Instrument 647B, USA) was based on the volumetric mixing of gases. 
Certified gas cylinders of high purity dry synthetic air and H2 of 1% concentration balanced 
in synthetic air (Coregas Ltd., Australia) were used. Each gas cylinder was connected to a 
computer controlled MFC. The H2 gas could be further diluted in synthetic air by simply 
adjusting the flow rates of each MFC. 
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Figure 6.18: Electrical characterization and gas sensing apparatus for optical based sensors. 
 
 
Figure 6.19: Optical gas sensor testing setup. 
 
A schematic representation of the test system connections for nanostructured metal oxide 
based optical sensors is shown in Figure 6.3. A variable DC power supply was provided to the 
heater on the backside of the sensor as provided in detail in Figure 6.4. The optical sensor 
chamber was fabricated with stainless steel casing. The test system logs and measures the 
sensor’s resistance, Ra or Rg, at 10 second intervals.  
 
The baseline is defined as the sensor resistance in synthetic air. The response, denoted as (R), 
is the ratio of resistance due to exposure of target gas with respect to the resistance in 
synthetic air (baseline). This could be defined as: 
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R
RR = (reducing analyte) 6.1 
 
 
a
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R
RR = (oxidizing analyte) 6.2 
 
 
a
g
R
RR = (reducing analyte) 6.3 
 
Whereas when exposed towards oxidizing gases such as NO2 or NO, R is defined as: 
g
a
R
RR = (oxidizing analyte) 6.4 
 
In this research, the author tested the sensing performance of the developed nanostructured 
based conductometric based sensors towards C2H5OH and H2 (reducing analytes) and NO2 as 
oxidizing analyte. As for the optical based gas sensor, the author employed only H2 as the 
analyte throughout the entire study period. Depending on the material and the type of the 
sensor, each of them was tested at several operating temperatures. A sequence control 
computer was utilized for the automation of the pulse sequences of any given target analyte 
with different concentrations. Initially, the synthetic air was maintained for an amount of time 
usually between 30 to 60 minutes depending on the nanostructured materials. Then the first 
cycle of the target gas was given for 5 minutes, followed by another 5 minutes purge of 
synthetic air. The sensors were exposed to a few cycles of C2H5OH, H2 and NO2 balanced in 
synthetic air to reach the equilibrium state. Only after the state is reached the baseline is 
considered to be stable. The measurements were started by purging the sequences of the gas 
with different concentrations. 
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6.3. Gas Sensing Results 
 
Using a highly sensitive resistance measurement device, Keithley 2001 multimeter which is 
connected to the data acquisition system, resistance values were sampled at every 4 s interval. 
The results obtained during the gaseous exposure towards the developed sensors were later 
analysed by the author given in the sections below. 
 
The author also would like to standardize the sensor response designation throughout this 
thesis and study as (R), sensitivity as (S) as well as the response and recovery time as τres and 
τrec, respectively. 
 
Therefore throughout this thesis, sensitivity is the slope of the response curve corresponding 
to the analyte concentration. In definition, sensors’ sensitivity S, can be expressed as:             
S = δR/δC where δR is the sensor response and δC is the analyte concentration [1]. τres and τrec 
or τ90% will be defined as the time required to reach 90% of the final equilibrium value [2]. 
 
6.3.1.  ZnO Based Sensors 
 
The developed ZnO based conductometric sensor was exposed towards C2H5OH with 
different pulse sequence of 10, 25, 50, 75, 100, 150, and 200 concentration in synthetic air 
unless otherwise stated, NO2 gas pulse sequence of 0.5, 1.25, 2.5, 5, and 10 ppm 
concentrations balanced in synthetic air and H2 gas pulse sequence of 0.06, 0.12, 0.25, 0.5, 
and 1% concentrations balanced in synthetic air. Gas exposure time was fixed for each pulse 
of analyte gas and the cell as purged with synthetic air for fixed periods of time between each 
pulse to allow the surface of the sensor to recover to the atmospheric condition.  
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The dynamic properties of the developed ZnO based conductometric sensor such as sensor 
response, sensitivity, stability, τres and τrec time were all found to be temperature dependent. 
Dynamic responses of these sensors to different concentrations of C2H5OH and NO2 are 
shown in details in section below. It was observed that with the increase of temperature, 
baseline resistance of the sensor was decreased and the response and recovery times of the 
sensor were reduced. For H2 gas, the dynamic response was not linear with respect to gas 
concentrations. It is believed that at high concentrations of H2, saturation may take place due 
to lack of adsorbed oxygen ions to react with analyte molecules. It is well known that in an air 
environment, oxygen molecules adsorb onto the surface of the ZnO layer to form O2–, O– and 
O2– ions by extracting electrons from the conduction band depending on the temperature [3-5]. 
Santra et al. found that the stable oxygen ions were O2– between 100 - 150 °C, O– between 
150 and 350 °C and O2– between 350 – 500 °C. The oxygen adsorptions on the surface of 
nanorods can be explained with the following equations: 
 
)(
2
)(23 6 adsvap OOHCHCH
−+  −++ eOHCO vapg 1222 )(2)(2  6.5 
)()(23 6 adsvap OOHCHCH
−+  −++ eOHCO vapg 632 )(2)(2  6.6 
 
The positively charged ZnO surface and negatively charged adsorbed oxygen ions form a 
depletion region at the surface. Since ZnO nanorods have single crystalline structure with 
average thickness less than 50 nm (less than the λD), adsorbed oxygen can easily penetrate 
through the bulk of the belt. As a result, free carriers can travel through the bulk of the 
rods/wires in a similar way to the channel of a field-effect transistor (FET) [6]. When the 
device is exposed to a target gas, two different extremes may occur: pinch-off and fully 
conductive states. A complete depletion of carriers inside the belt will produce a pinched-off 
channel. A complete removal of adsorbed oxygen from the belt produces a highly conductive 
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channel. When an n-type ZnO nanorods surface is exposed to a reducing gas such as C2H5OH 
at elevated temperatures, analyte molecules dissociate and combine with the adsorbed oxygen, 
thereby re-injecting electrons. Above 300 °C, the reactions can be expressed by the given 
equations above. 
 
Due to increasing concentration of electrons, the depletion region decreases to produce a 
conductive channel along the belt, which strongly increases belt conductivity. In the case of 
NO2, a strong oxidizing gas, reactions take place directly with the oxide surface rather than 
with the oxygen chemisorbed at surface. During the interaction process, NO2 molecules 
consume conduction electrons and subsequently increase the depletion region at the surface. 
Thus, the ZnO nanopyramids layer conductivity is reduced after exposure to NO2. The sensor 
response to NO2 can be explained by the following reactions: 
 
)(2 gasNO  )(2 adsNO  6.7 
−+ eNO ads)(2  )(2 adsNO
−  6.8 
 
Similar to ZnO nanopyramids based sensor, the ZnO nanoflakes and nanosheets based sensors 
also require an elevated operating temperature to enhance chemisorption of oxygen species to 
achieve the optimum sensitivity. The optimal operating temperature of the ZnO nanopyramids 
based devices for NO2 gas and C2H5OH vapour sensing was found to be at 200 and 260 °C, 
respectively. The sensor responses based on the given equations above (n-type material with 
exposure towards reducing and oxidizing analyte) are 14.5 and 5.72, respectively. 
 
The author believed that the particle or grain size of a conventional zinc oxide gas sensor is 
considerably greater than the depth of the surface space charge region, thus, electrical 
conduction is controlled by the grain boundaries. However, as synthesized 1D ZnO nanorods, 
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ZnO nanopyramids have been substantially reduced to a comparable dimension close to the 
depletion layer depth. Under these conditions, oxygen adsorption to the synthesized ZnO 
nanostructures will possibly lead to a complete depletion of conduction-band electrons which 
lead to a larger variation in resistance. A schematic representation of physical and band model 
for nanorods based oxide surface and the film porosity is presented in Figure 2.5 in Chapter 2. 
The band model shows potential barriers formed at ZnO nanorods contacts and this barrier 
potential varies with the amount of adsorbed oxygen. It should be noted that this barrier 
potential is much higher than conventional inter-grain potential barriers due to a complete 
depletion of electrons in nanorods. Thus the scale of conductivity modulation in nanorods is 
much greater than conventional ZnO thick films after exposure to gaseous analytes. The 
structural characterisation of the synthesized ZnO nanostructures in Chapter 5 has provided 
crucial information in regards to the nanorod, nanopyramids, nanoplatelets etc. morphology of 
the films. The promising gas sensing results of these fabricated nanostructured based sensors 
prove that they are potentially and highly responsive for commercial gas sensing applications. 
 
 
6.3.1.1. ZnO Nanowires 
 
The sensor response (R) of the sensor toward ethanol was calculated according to the given 
equation above (Eq. 6.1). Good response (R) along with fast τres and τrec was recorded at this 
optimum temperature. The dynamic response in Figure 6.5 shows a constant and stable base 
line resistance that was observed over a long period of time with many sequence of exposure 
to ethanol. A downward shift of base line resistance with ethanol exposure is fully recovered 
with exposure to synthetic air. The sensor response towards ethanol is significant at the 
optimized temperature of 300 °C. The sensor response towards 12.5, 62.5 and 125 ppm 
ethanol concentrations is 0.24, 0.37, and 0.41 respectively. The response and recovery time 
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for an ethanol concentration of 125 ppm was 52 and 300 s, respectively. As ethanol is a 
reducing gas and the developed ZnO nanowires film is an n-type semiconducting metal oxide 
[7]. Thus, when the developed sensor was exposed to ethanol vapour at an elevated 
temperature, the gas molecules dissociate and combine with the adsorbed oxygen. During this 
process, electrons are reinjected back into the conduction band and as a result a reduction of 
the depletion layer width in nanowires surface occurs to produce a conductive channel. This 
mechanism results in an enhancement of film conductivity, which corresponds to the exposed 
gas concentration. It is believed that the ethanol sensing mechanism of the ZnO films is based 
on the interactions of surface bound oxygen ions and the ethanol gas on the surface of the 
nanostructured thin film, as described in reference [5]. 
 
Figure 6.20: Dynamic response of ZnO nanowires based sensor towards C2H5OH at 
operating temperature of 300 °C. 
 
6.3.1.2. 1D ZnO Nanorods 
 
Activation and enhancement of chemisorption by the oxygen species is achieved by 
increasing the operating temperature of the sensor in order to obtain optimum sensitivity [8]. 
For the developed ZnO nanorods based sensors, the optimum operating temperature was 
measured to be in the range of 280 to 310 °C, which is slightly lower from the one reported by 
[9]. The dynamic response of the ZnO nanorods at an operating temperature of 280 °C is 
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shown in Figure 6.6. The sensor response (R) toward ethanol was calculated and the plotted 
data is provided in Figure 6.7. Moderate response along with fast response and fast recovery 
was recorded at this optimum temperature. A constant and stable base line resistance was 
observed over a long period of time with many sequence of exposure to ethanol. A small 
downward drift of the resistance under ethanol exposure was observed, but it fully recovered 
in synthetic air. At the lowest concentration of ethanol (12.5 ppm), the measured sensor 
response was approximately 1.6. At 187.5 and 250 ppm, the response amounted to 2.1 and 2.3, 
respectively. The measured response is lower to those reported in literature, however, the 
optimized operating temperature for the 1D ZnO nanorods based sensor towards ethanol is 
considerably lower [9, 10]. The response and recovery time was determined to be 16 and 120 
s, respectively. The maximum sensor response was measured to be 2.5 for 500 ppm of ethanol. 
Repeatability of the sensor was measured after the sensor exposures for the second time 
towards ethanol of 12.5 and 31.25 ppm in the pulse sequence. It was observed that the 
developed 1D ZnO nanorods thin film based sensor is highly repeatable and no variation in 
the response magnitude was observed when exposed to same concentration of ethanol. 
 
 
Figure 6.21: Dynamic response of ZnO nanorods based sensor towards different 
concentrations of ethanol balanced in synthetic air at the optimum temperature of 280 °C. 
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The long-term stability of the sensor was measured by testing the developed sensors 6 months 
later using the same experimental conditions. It was found that the performance of the sensors 
reduced by approximately 3%. These findings show that the developed sensors response is 
highly repeatable for short-term as well as the response repeatability is within the acceptable 
range for long-term when exposed towards ethanol concentrations at the optimized operating 
temperature. 
 
Figure 6.22: Sensor response variation with operational temperature towards ethanol (250 
ppm). 
 
A normalized dynamic response of ZnO nanorods based sensor towards single pulse ethanol 
of   250 ppm at different operating temperatures is presented in Figure 6.8. In addition to the 
sensor response obtained, Figure 6.8 also shows how the response and recovery time change 
with respect to the increasing of the operating temperature. The results demonstrate that the 
sensitivity remains constant until 240 °C and then increases linearly to 280 °C. These results 
suggest that temperature required towards the enhancement of the chemisorption of ethanol 
species to 1D ZnO nanorods film is at least 240 °C. In the optimum operating region (280 − 
310 °C), sensor response is the highest and remains constant and then slowly starting to 
decrease from 310 to 330 °C. A decrease of sensitivity with the increase of temperature over 
310 °C can be explained by the progressive desorption of oxygen ionic species previously 
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adsorbed after a critical temperature was reached [11]. Highest resistance shift as well as fast 
response and recovery were observed at the operating temperatures between 280 − 310 °C. 
 
 
Figure 6.23: Normalized sensor dynamic performance towards ethanol of 250 ppm. 
 
The sensing mechanism bases on the reactions occurring at the surface between the nanorods 
and the ethanol molecules. When an n-type metal oxide semiconductor such as the 1D ZnO 
nanorods being exposed to air, the well-known and accepted theory is that the oxygen (O2) 
molecules adsorb onto the surfaces of the nanorods (Eq. (2.7)) [5, 11]. Depending on the 
temperature, the adsorbed O2 molecules transform to oxygen ions (e.g., O2−, O− or O2−) by 
capturing free electrons from the conductance band of 1D ZnO nanorods. These processes are 
described according to Refs. [3, 5]  
 
The positively charged 1D ZnO nanorod surface and the negatively charged adsorbed oxygen 
ions then leads to a formation of a depletion region at the surface. As the average diameter of 
nanorods is less than its Debye length (50 nm) [12], the depletion region extends to the entire 
nanorod volume. Thus, when the sensor is exposed to a target gas, depending on the oxidizing 
or reducing nature of the gas, two different extremes may happen: (a) a more insulating 
behaviour by complete depletion of carriers from the conduction band, or (b) a conducting 
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behaviour due to complete removal of adsorbed oxygen molecules from the nanorods. As a 
result, the gas molecules can rapidly modulate the conductivity of the nanorods film yielding 
high sensitivity as well as fast response and recovery.  
 
Ethanol is a reducing vapour and the developed ZnO nanorods film is an n-type 
semiconducting metal oxide. Thus, during the exposure of the sensor towards ethanol at an 
elevated temperature, the molecules dissociate and combine with the adsorbed oxygen. 
During this process, electrons are re-injected back into the nanorods and the nanorods’ 
conductivity increases. Hence, the entire film conductivity increases with the concentration of 
ethanol vapour in the ambience. Since, the optimum operating temperature is between 280 − 
310 °C, possible chemical reactions can be expressed by Eq. 6.5 and 6.6. 
 
6.3.1.3. ZnO Nanoflowers and Nanosheets 
 
It is well known that the working temperature has a significant effect on the gas sensing 
response of semiconductor gas sensors. This is due to the temperature-dependent adsorption-
desorption kinetic process. To study the gas sensing properties of the flower-like F3 and 
grass-like F5 porous ZnO structures, a series of experiments were carried out by varying the 
operating temperatures and gas concentrations. Results were compared to commercial ZnO-
based sensors. Figure 6a shows the responses of the three ZnO samples exposed towards 
nitrogen dioxide at temperatures between 100 °C and 300 °C. The sensor responses increased 
between 100 °C and 200 °C, and then decreased with further increases of temperature. 
Therefore, the ZnO samples were tested at 200 °C towards different concentrations of NO2 
gas in the range of 0.5 - 10 ppm. The dynamic response and recovery curves of F3, F5 and 
commercial ZnO exhibit stable and repeatable response toward NO2 gas with short 
response/recovery times (Figure 6.9). 
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Figure 6.24: Dynamic response of the developed ZnO sensors towards NO2 at 200 °C. 
 
The response amplitude of the three sensors was observed to increase with higher NO2 
concentration, with short response and recovery time. As shown in Figure 6.10b, the sensor 
responses gradually slow down as the gas concentration increases, behaviour which might be 
due to the reactions between NO2 and a limited number of active sites on the ZnO surfaces. 
Notably, the response of porous structures F3 and F5 are much higher than that of commercial 
ZnO. For 10 ppm NO2, the response of F3 was ca. 125, which is about three times that of F5 
gas sensor. The high response of F3 might be due to the particular flower-like structure with 
2D nanoplates, the voids and interspaces existing among nanoplates facilitating the gas 
adsorption and desorption, and the porous structure providing the large surface area with more 
reactive sites for gas sensing. 
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Figure 6.25: (a) Sensor response of sample F3, F5 and commercial ZnO towards NO2 of 5 
ppm with increasing operating temperatures; (b) Gas sensor response of F3, F5 and 
commercial ZnO to different concentration of NO2 at their corresponding optimized operating 
temperatures. 
 
It is known that the response of metal oxides-based gas sensors is significantly influenced by 
the oxygen vacancy (Vo) levels and depletion layer of gas sensing materials [13]. When the 
gas sensing material is exposed to the air, the ZnO surface adsorbs oxygen molecules from the 
ambient environment and captures electrons from the Vo and forms O2- species, as described 
by Eq. 5. After the adsorption of O2, the depletion layer formed at the surface of ZnO. When 
sensors are exposed to NO2 gas, NO2 will react with O2-(ads), which leads to the increase in 
the sensor resistance (Eq. 6, 7) [14]. 
)()(2)(22 22 adsadsads ONOeONO
−−−− +→++  6.9 
)()(2)(22 adsadsads ONOeONO
−−−− +→++  6.10 
 
6.3.1.4. ZnO Nanopyramids 
 
NO2 sensing characteristics 
 
In Figure 6.11a shows the dynamic response of the sensor towards NO2 concentrations and 
the short term stability of this sensor. It was found that these devices were most stable at 
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200 °C and the dynamic response of the sensors towards NO2 was subsequently obtained at 
this operating temperature. The dynamic response of the sensors was obtained at an exposure 
time of 240 s and sufficient recovery time with exposure to 0.5, 1.25, 2.5, 5, and 10 ppm NO2 
gas. Response time (τres) of 60, 64, 64, 68, and 60 s were measured from the synthetic air 
baseline to a stable exposure of the aforementioned concentrations of NO2 gas and similarly 
the recovery times of 60, 52, 36, 28, and 32 s were measured from the same set of NO2 gas to 
synthetic air, respectively. It is accepted that, upon exposure to NO2, gas molecules are 
directly absorbed on the active sites on the ZnO nanopyramids surfaces. Charge transfer is 
likely to occur from ZnO to absorbed NO2 because of the strong electron-withdrawing power 
of the NO2 molecules, which leads to the increase of thickness of the depletion layer. The 
nanopyramids structure can be almost fully depleted by exposing to NO2 gas (Figure 6.11b). 
As a result, the barrier heights at the boundaries between the nanopyramids increase 
significantly, resulting in the large increase in electrical resistance, i.e., the high sensor 
response. One should keep in mind that the mechanism of NO2 depends on the operating 
temperature of the sensors and on the gas concentration range. In this experiment, it is 
assumed that the sensors work with adsorption/desorption processes previously proposed for 
the relatively low operating temperature when exposed towards NO2 gas [15]. 
 
Ethanol (C2H5OH) sensing characteristics  
 
As a reducing vapour, ethanol sensing characteristics were calculated according to the 
equation given previously in the earlier part of the chapter. Figure 6.11b, shows the dynamic 
response of the ZnO nanopyramids based sensor towards different ethanol concentrations and 
the short term stability as well as the repeatability of the sensor measurement. It was found 
that the sensors were most stable in the range of 240 – 260 °C when exposed towards ethanol. 
The dynamic response of the sensors was performed at the operating temperature of 260 °C 
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due to the slightly improved sensor response and recovery times at this temperature. The 
sensors were exposed towards ethanol vapour for 120 s at concentrations of 12.5, 31.3, 62.5, 
187.5, 250, 375 and 500 ppm followed by a sufficient recovery time. Response times, τres, of 
8 s (3 first concentrations) and 12 s (the remaining) were measured for the from the synthetic 
air baseline to a stable exposure of the aforementioned concentrations of ethanol vapour and 
similarly the recovery times of 48, 48, 64, 76, 88, 112, and 116 s were measured from the 
same set of ethanol vapour to synthetic air, respectively. Upon exposure to a reducing gas 
ethanol vapour, the oxygen ionic species adsorbed on the surface of ZnO nanopyramids can 
be expected to react with the reducing ethanol molecules. The electrons released are injected 
into ZnO nanopyramids conduction band. When ethanol was removed, the resistance returned 
to the original value due to re-adsorption of oxygen ionic species. Large ethanol molecules 
adsorbed onto the surfaces follows typical acid-base behaviour [15]. 
 
 
Figure 6.26: Dynamic response of the ZnO nanopyramids based sensor and the short term 
repeatability behaviour at optimized sensor operating temperature towards (a) NO2 at 200 °C 
(b) C2H5OH at 260 °C. 
 
Figure 6.12 represents the sensor’s response curve behaviour at these temperature ranges 
towards NO2 and ethanol. Upon exposure of oxidizing gas (NO2) the resistance of the 
increases and exposure of reducing gas (ethanol) decreases the resistance of the sensors. The 
sensor response plotted against the increasing operating temperature curve shows a maximum 
value which depends on the target analyte. This could be explained by the temperature 
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dependence of the adsorption and desorption process on the metal-oxide surface [16]. It was 
observed that the sensitivity towards NO2 and C2H5OH is highest at 200 and 260 °C, 
respectively, and are supported by other performance parameters such as fast response and 
recovery time, good repeatability, and stable baseline resistance. Thus, the trade-off between 
different parameters is needed in choosing the operating temperature. Such behaviour is 
common in zinc oxide resistance-based sensors. Generally, the resistance change of the 
sensitive layer is based on the principle of conductance variation of the sensing element. The 
conductance change depends on gas atmosphere and operating temperature of the 
semiconductor material exposed to the test gas. These conditions resulted in space-charge 
layer changes as well as band modulation. The schematic of the mentioned behaviour is 
depicted in Figure 6.13. 
 
 
Figure 6.27: Response of ZnO nanopyramids based sensor towards NO2 (10 ppm) and 
C2H5OH (12.5 ppm) with increasing operating temperatures. 
 
Common phenomena taken place at the surface level such as physisorption, chemisorption, 
and electron transfer processes are often involved in such situations. As ZnO is an n-type 
semiconducting metal oxide, oxygen ions species were adsorbed to the surface during 
exposure to air, and then were ionized into (O−, O2−, O2−) by capturing free electrons from the 
particles, thus leading to the formation of a thick space charge layer with an increase of 
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potential barrier. At a molecular level, the reaction activities at vacancy sites can result in 
withdrawal from (oxidizing environment (Figure 6.13b) and donation (reduced environment 
(Figure 6.13c) of electrons to the ZnO nanopyramids surface leading to an increase/decrease 
in resistance, respectively [17]. 
 
 
Figure 6.28: Schematic design of gas-sensing features on ZnO nanopyramids: (a) in synthetic 
air, (b) in NO2, and (c) in ethanol vapour. Note: the interaction of the gas molecules for each 
cases of (b) oxidizing and (c) reducing gas on the surface of sensing materials (the red region 
is the Debye length (λD) thickness. 
 
According to the space charge model, λD (Debye length) can be expressed by the following 
equation: 
λD = (εε0kBT)1/2/q2nb 6.1 
 
where ε and ε0 is the electrical permittivity of the material in atmosphere and vacuum, 
respectively; kB is the Boltzmann’s constant; T is the temperature (in Kelvin), q is the 
electrical charge of the carrier, and nb is the free carrier concentration. 
 
In considering the response of these ZnO nanopyramids sensors to NO2 and C2H5OH, 
gaseous analyte diffusion is also a contributing factor which can strongly contribute to the 
sensor’s response and recovery time. In the present work, the sensing layer fabricated from 
ZnO nanopyramids was highly porous. This porosity provided ready access for gaseous 
(a) (b) (c) 
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analyte molecules to reach deep into the thin film layer through the porous network. Diffusion 
of NO2/ethanol into the sensing layer was strongly believed to be an important factor which 
resulted in the high response of this nanostructured thin-film sensor. Therefore, limited gas 
diffusion effects that can sometimes occur in highly compact, sintered semiconductor thin 
film sensors was likely to be negligible and so surface phenomena such as 
adsorption/desorption of NO2/ethanol molecules at active sites on the ZnO nanopyramids 
surfaces are expected to be the dominating factor of the sensor performance. This assumption 
is in fact supported by the fast response of the sensors towards both analytes. The device 
responded reversibly towards NO2 with changes in the resistance at 200 °C. It is also 
significant that the response time for the sensor increased with NO2 concentration. Meanwhile, 
the recovery time decreased with higher NO2 concentrations. This behaviour is likely to be 
due to the uniformity in size, shape and surface structures of the ZnO nanopyramids. The 
faceted surfaces of the nanopyramids made it possible to achieve an effective interaction with 
gas/vapour analyte due to their large surface-to-volume ratio [15, 18]. 
 
Performance parameters such as long τres and τrec, repeatability, and baseline stability was the 
basis for considering 200 and 260 °C the optimized sensor operating temperatures for NO2 
and ethanol, respectively. Thus, there was a trade-off that needed to occur when choosing the 
best set of parameters to measure sensor response and so choose the best operating 
temperature. The comparisons of sensing responses of various ZnO nanostructures without an 
additional catalytic layer are summarized in Table 6.1 (NO2 sensing) and Table 6.2 (ethanol 
sensing). It is observed that the overall sensor operating temperatures for both the NO2 and 
ethanol in the tables is higher with these ZnO nanopyramids based sensors than for sensors 
constructed from ZnO with different morphologies.  
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Figure 6.29: The response of ZnO nanopyramids based sensor towards (a) NO2 (b) C2H5OH 
as a function of different concentrations at their optimized operating temperature. 
 
Figure 6.14 shows the response (R) of the sensor when exposed towards some concentration 
values during the dynamic performance test. It is observed that the sensor response increased 
almost linearly with respect to the concentrations of each analyte. The measured sensor 
sensitivity S, given in this almost linear case can be expressed as: S = δR/δC where δR is the 
sensor response and δC is the analyte concentration. The sensitivity for the lowest 
concentration of NO2 (0.5 ppm) and C2H5OH (12.5 ppm) is 3.65 and 0.16, respectively. 
 
The τres and τrec of each concentration are provided in Figure 6.15. The measured sensor τres 
are approximately 60 s when exposed towards different concentration of NO2 in (Figure 
6.15a). Meanwhile the τrec measured for the sensors recovered to the baseline much quicker as 
the NO2 concentration increased. In Figure 6.15b, the τres and τrec of the sensors when 
exposed towards ethanol vapour behaved the opposite way. The τres observed, with average 
measurement are approximately ~10 s. The measured τrec was longer as the ethanol 
concentration increased. Nevertheless, all τres and τrec for both NO2 and ethanol testing 
performed on the sensor have proven to be lower than 70 s and 120 s, respectively. 
 
(a) (b) 
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Figure 6.30: The response and recovery time of the ZnO nanopyramids based sensor towards 
different concentrations at their optimized operating temperature (a) NO2 (b) C2H5OH. 
 
Table 6.2. Sensor response of ZnO nanostructures toward NO2 
ZnO 
nanostructure 
type 
lowest gas 
concentration 
(ppm) 
optimized 
operating 
temperature 
(°C) 
sensor response 
(R)  τres/τrec (s) Ref. 
nanowires 0.5 225 12 24/12 [19] 
nanobelts 0.5 350 0.8 180/268 [16] 
nanorods 1.0 350 1.8 180/- [20]  
nanobarbed 
fibers 0.03 210 1.5 96/36 [21] 
nanoparticles 1 300 2.7 33/7 [22] 
 ZnO-NPys 
(this work) 0.5 200 2 60/60 
this 
work 
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Table 6.3. Sensor response of ZnO nanostructures toward ethanol vapour 
ZnO 
nanostructure 
type 
lowest vapor 
concentration 
(ppm) 
optimized 
operating 
temperature 
(°C) 
sensor response 
(S) τres/τrec (s) Ref. 
nanoflowers 1 320 4.1 2/15 (100 ppm) [23] 
nanosheets 0.01 400 3.05 ± 0.21 7/19 (200 ppm) [24] 
nanorods 10 300 1.57 -/- [25] 
nanoparticles 50 300 7 94/- [22] 
porous 
nanosheets 200 320 36.5 3/15 [26] 
nanowires 1 300 1.9 -/- [27] 
ZnO-NPs 
(this work) 12.5 260 2 8/48 
this 
work 
 
 
6.3.2. In2O3 Nanoparticles Based Sensor 
 
Dynamic response of the developed sensor towards NO2 at 150 °C is shown in Figure 6.16. 
The developed sensor has a high response of ~ 23 and ~ 897 towards the lowest and the 
highest examined concentration of NO2 (0.5 and 10 ppm), respectively. The measured 
response and recovery towards NO2 with concentration of 500 ppb is 16 s and 24 s, 
respectively. 
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Figure 6.31: Dynamic response of the In2O3 based sensor towards NO2 at 150 °C. 
 
The electrical characterization of the sensor showed that the response towards NO2 has 
increased tremendously compared to other nanostructured In2O3 [28, 29]. Figure 6.17 shows 
the correlation between the sensor response and the NO2 gas concentration (0.5 – 10 ppm) at 
the optimized operating temperature of 150 °C. 
 
Figure 6.32: Sensor response versus NO2 gas concentration at 150 °C. 
 
The gas-sensing mechanisms of the porous In2O3 based gas sensor is ascribed to the gas 
adsorption and desorption process occurring on the surface of the nanostructures [30, 31]. It is 
understood that when an n-type semiconductor metal oxide is exposed to air, oxygen 
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molecules  adsorb on the surface particles of the material and form ionic oxygen species 
mentioned previously by capturing electrons from the conductance band [31]. This will form 
a poor conducting layer so-called space-charge layer in the surface region [32]. Consequently, 
the conductivity of the In2O3 nanoparticles increases due to the formation of this electron-
depleted region. During NO2 exposure, the gas which is highly likely to chemisorb on the 
oxide surface and known to be extremely reactive towards oxygen vacancies reacts to form 
NO [33]. Figure 6.18 shows the increase in response of the sensor towards NO2 of 2 ppm by 
increasing the operating temperature. The maximum sensor response of ~ 100 for the In2O3 
based sensor was found to be at the operating temperature of 150 °C with τres and τrec being  
24 s and 12 s, respectively. As the operating temperature was increased higher, the response 
decreased. 
 
 
Figure 6.33: Normalized sensor response towards NO2 (2 ppm) from room temperature to 
200 °C. 
 
It is understood that, as the dimensions of the nanoparticles are sufficiently reduced, they can 
be completely depleted resulting in response increase [34]. Figure 6.19 depicts the illustration 
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of In2O3 in air (in this case: synthetic air) as well as in NO2. As the porosity of the sensing 
layer consisting In2O3 nanoparticles in the present work is highly porous, the ready access for 
gaseous analyte molecules to reach deep into the thin film layer was likely in greater 
frequency. The adsorbed NO2 molecules further captured electrons from In2O3 and generated 
the thicker surface space-charge layer region. As a result, the formation of the thicker 
electron-depleted region increased the barrier height and led to an increase in the sensor 
resistance [35]. When the sensor was reintroduced to synthetic air, the NO2 molecules 
returned the electrons to the In2O3 nanoparticles and desorbed from the surface of In2O3, 
resulting in the restoration of sensor resistance to the initial value. 
 
 
Figure 6.34: Schematic drawing of gas-sensing features of In2O3 nanoparticles (a) in 
synthetic air and (b) in oxidizing gas (NO2). 
 
The plot (Figure 6.17) shows a perfectly linear characteristic which suggests that the sensor 
may be able to detect higher NO2 concentrations with enhanced sensitivities. Therefore, the 
In2O3 nanoparticles would be promising candidates for fabrication of high performance gas 
sensors. 
 
 
 
(a) 
(b) 
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6.3.3. Nanostructured WO3 Based Sensors 
 
6.3.1.1. Anodized WO3 Nanoplatelets 
 
Figure 6.20 shows the dynamic responses of both anodized WO3 films towards H2 in 
synthetic air balance at 120 °C. The measured sensor response for the anodized WO3 film in 
HNO3 are 2.56 and 14.9 when exposed to 0.06% and 1% H2, respectively, as compared to      
~ 0.4 and 8.1 for that of anodized WO3 film in H2SO4.  
 
Figure 6.35: Dynamic response of both anodized WO3 films exposed to different 
concentrations of H2 at 120 °C. 
 
The sensor was tested towards low concentrations of H2 at relatively low temperatures. 
Overall, the H2 sensor based on nanoplatelet WO3 thin films was sensitive toward 0.06% H2, 
which offers great potentials for low cost and reliable H2 sensing. 
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6.3.1.2. Acid Etched Nanoplatelets and 
Nanoporous Based WO3 Films  
 
Table 6.4. Initial resistance and their operating temperatures of the developed sensors 
 HNO3-WO3 H3PO4-WO3 H2SO4-WO3 
Initial resistance (MΩ) 18.9 0.098 1.38 
Operating temperature (°C) 400 300 – 380 360 
 
In the initial stage of the performance test, these developed sensors were exposed towards 
ethanol (100 ppm) at increasing operating temperature. The results of sensor response vs. 
operating temperatures are presented in Figure 6.21. This preliminary test was performed to 
identify the optimal operating temperature for each individual sensor. Due to poor response at 
low temperatures (<300 °C), the sensors’ response is shown at a range of temperature 
between 300 and 450 °C. The sensitivity of the sensors were calculated and given in Figure 
6.24. Sensitivity (S) is equals to R/C where R is the response of the sensor and C is the 
corresponding vapour concentration [1]. These “HNO3-WO3”, “H2SO4-WO3”, and “H3PO4-
WO3” developed sensors were observed to reach a maximum response value of 8, 5.8, and 5, 
respectively. The initial resistance values and their optimized operating temperature for the 
sensors are given in Table 6.3. All sensors were observed to be highly responsive towards 
ethanol vapour. 
 
Figure 6.22 shows the τres and τrec towards ethanol concentration (100 ppm) when exposed at 
temperatures between 300 – 450 °C. It is observed that the developed sensors showed fast 
response when exposed towards ethanol. The time taken to reach τres is ~ 8 s applies for 
Figure 6.22a and c on which the operating temperature range was from 300 – 450 °C. Figure 
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6.22b which represented the “H3PO4-WO3” sensor only showed fast τres at operating 
temperature of 300 to 380 °C. An increase of the τres and τrec at 400 °C proved that this 
sensors’ has reached beyond its optimal operating temperature limit. This increase in time 
along with a decrease in sensor response might be due to the temperature dependence of the 
adsorption and desorption process on the metal-oxide surface [36] as well as the progressive 
desorption of oxygen ionic species previously adsorbed after a critical temperature was 
reached [11]. Observation made during desorption period (ethanol stopped flowing) showed 
that most of the sensors have longer recovering time of more than 50 s. However, in 
consideration of these factors, and taking into account the sensor’s resistance ratio value to 
baseline, the authors chose an optimized working temperature for these developed sensors to 
be at 340 °C. 
 
 
Figure 6.36: The sensors’ response towards ethanol (100 ppm) at operating temperature 
between 300 and 450 °C. 
 
Figure 6.23 shows the dynamic response of the developed sensor towards ethanol vapour at 
340 °C. The sensors impressively maintained good reproducibility and baseline stability 
which can be partly attributed to the adhesion of the nanostructures to the transducer surface 
and the stable crystal structures due to high annealing temperature (450 °C).  
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Figure 6.372: Response and recovery time (τres, τrec) at operating temperature 300 – 400 °C 
for the following sensors (a) “HNO3 – WO3” (b) “H3PO4 – WO3”, and (c) “H2SO4 – WO3”. 
 
 
Figure 6.38: Normalized dynamic response of the developed nanostructured WO3 film based 
sensors: “HNO3 – WO3”, “H3PO4 – WO3”, and “H2SO4 – WO3” towards ethanol with 
different concentrations at operating temperature of 340 °C. For comparison, a sensor was 
developed using conventional RF sputtered polycrystalline WO3 film and its response is 
included here. 
 
(a) 
(b) 
(c) 
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Sensitivity curve provided in Figure 6.24 shows that the sensor behave accordingly to the 
Langmuir adsorption isotherm [1]. The inset given in Figure 6.24 shows that the response 
curves of the developed sensors towards each of the ethanol concentrations at the optimized 
operating temperature show a tendency of saturation as concentration were increased. 
 
 
Figure 6.39: Sensitivity and response curve (inset) of the developed sensors with respect to 
the concentration at 340 °C. 
 
The short-term stability of the sensors was examined towards the end of the initial sequence 
containing seven different concentrations. This short-term stability was conducted by 
exposing ethanol concentrations of 10 and 25 ppm. The observance made was that the 
nanostructured WO3 sensors showed repeatable response with the same magnitude. The 
author further tested the developed “H3PO4 – WO3” sensor due to the good performance 
achieved. The test incorporation was conducted to ensure a long-term stability capability of 
the sensor. Here, the sensor was exposed towards ethanol vapour which used the same 
conditions: same temperature and ethanol concentrations. This sensor was also exposed 
towards ethanol in three cycles (each cycle contained nine concentrations). The result in 
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Figure 6.25 showed that a small deviation occurred when compared to the earlier test. 
However, the response did not exceed 5%.  
 
 
 
Figure 6.40: Dynamic response of the sensor prepared using H3PO4 acid after three months 
exposed towards different concentrations of ethanol (three cycles) at 340 °C. 
 
It is believed that the reaction between the sensors’ surface and the ethanol molecules which 
occurred during the “adsorption” and the “desorption” process was attributed to the oxygen 
ion species adsorbed by the metal oxide while in air. The schematic diagram in Figure 6.26 
illustrates the sensing mechanism which is governed by the surface oxygen species well 
attributed to the important role in the increasing and decreasing of the sensor response [37, 
38].  
 
In the air ambience (Eq. 2.7 – 2.10), oxygen molecules adsorbed on the WO3 nanostructures 
surfaces and form oxygen ions (O−, O2−, O2−) by capturing electrons from the conduction 
band, which leads to a high resistance state of WO3 nanostructures [39-41]. As the sensors 
were exposed to ethanol vapour, the oxygen ionic species adsorbed on the surface of WO3 
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nanostructures reacted with the reducing ethanol molecules, as shown in Eqs. (5) – (6) [38, 
42]. The released electrons during the reactions were compensated into the conduction band. 
This increases the conductivity of the WO3 sensors [35, 43]. Once ethanol is removed, the 
resistance returns to the original value due to the re-adsorption of ionic oxygen species. 
 
 
Figure 6.41: Schematic diagram showing chemical reactions on the surface of WO3 
nanostructures (a) in synthetic air, (b) ethanol (reducing analyte); small black circle (O2 ions), 
big black circle (ethanol molecules). 
 
The performance of the developed nanostructured WO3 based sensors were compared with 
that of WO3 based sensors reported in literature. Ma et al. [44] reported an ethanol-sensing 
result of WO3 nanoplates based sensor synthesized using fluoroboric acid. This developed 
sensor showed a maximum response of 2.5 at an optimized operating temperature of 300 °C 
towards ethanol vapour of 500 ppm. Hoa and El-Safty [35] reported the sensing properties of 
WO3 mesocages, hollow-spheres, and nanowires which but selectively responded towards 
NO2 than the VOC. Xie et al. [45] investigated organic vapour-sensing performance of the 
porous WO3 based sensor at operating temperature of 320 °C and revealed that high the 
response is achieved for acetone sensing but not towards ethanol vapour. We strongly believe 
that in all of these comparison cases, our developed nanostructured WO3 thin films 
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synthesized employing the simple etching method performed better due to the better contacts 
established between the sensitive layers and the substrate. Furthermore, other additional 
aspects that may cause the enhancement of the sensing response towards ethanol were 
strongly suggested by the uniformity and yet homogenous nanostructures with high surface-
to-volume ratio. In addition to these, nevertheless, the crystalline structures are well-aligned 
as well contained a highly porous thin films surface which were observed across the surface 
of the transducer. In comparison to literatures provided, the authors believe that the developed 
nanostructured WO3 thin films based gas sensors are stable with reasonable response 
inclusive of the τres, and τrec. We believe that, by including additional noble metal layer such 
as Pt, Pd or Au, a higher response can be achieved to further enhance the sensor response 
magnitude towards the target analyte. 
 
6.3.1.3. WO3 Nanostructures with Au Nanoclusters 
 
Several studies reported significant improvement in the sensing performance towards H2 for 
the conductometric based sensors coated with Au [46, 47]. However, only few studies were 
carried out on the effect of the Au catalytic layer for optical gas sensing applications 
especially with the development of sub 5 nm Au nanoparticles. In this work, the authors 
deposited Au nanoparticles of ~1 – 2 nm in diameter on the sputtered WO3 films (500 nm 
thick) on quartz. The gasochromic response of the Au/WO3 films was investigated towards 
H2 at temperatures from room temperature (RT) to 300 °C. The Figure 6.27 revealed the 
absorbance response of the films when exposed towards H2 gas at RT and 200 °C and the 
Figure 6.28 shows the corresponding cumulative absorbance response variation with the 
operating temperature of the sensor. Results shown in Figure 6.27a and b revealed that the 
response magnitude at RT is much lower than that of at 200 °C. The Figure 6.28 also revealed 
that the response magnitude increases non-linearly with the increase of operating temperature 
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from RT to 200 °C and then started to decrease until 300 °C. The result in Figure 6.27b shows 
a significant change in absorbance at NIR region (> 750 nm). 
 
Figure 6.42: Absorbance versus optical wavelength spectra for Au/WO3 films exposed to 1% 
H2 at (a) room temperature and (b) 200 °C. 
 
 
 
Figure 6.43: Cumulative absorbance variation with sensor operating temperature. 
 
 
 
 
Figure 6.44: Dynamic performance of nanostructured Au/WO3 thin film based sensor after 
exposure to H2 at 200 °C for a wavelength range of 800 – 1000 nm. 
(b) (a) 
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In Figure 6.29, the dynamic performance of the Au/WO3 nanostructured thin films when 
exposed to H2 with different concentrations at 200 °C is shown. The measurements were 
carried out over the wavelength range of 800 – 1000 nm.  It was observed that the films’ 
cumulative absorbance response in 800 – 1000 nm range increased by approximately 2.5% 
when exposed to H2 (0.06%) balanced in synthetic air. The dynamic performance of the 
nanostructured Au/WO3 thin film based sensor were repeatable towards H2 with low 
concentrations, with typical response and recovery times, τ90% (the time to achieve 90% of the 
maximum change) of <3 min. The Au/WO3 thin films τ90% response time towards H2 with 
concentrations of 0.06% and 1% in a balance of synthetic air were 180 and 120 s, respectively. 
The sample τ90% recovery time was found to be approximately 5 min when exposed to H2 
concentrations of 0.06% and 1%. 
 
The gasochromic transition of Au/WO3 from transparent to a coloured state involves the 
following steps: 
1. Dissociative chemisorption of molecular H2 onto Au, forming hydrogen ions and 
electrons: 
−+ +→ eHH Aus 22  6.11 
2. Reduction of W6+ (transparent) centre in the WO3 crystal lattice to W5+ (blue 
colour) caused by the electrons generated in (6.12). 
3. Formation of H2O vapour resulting from the combination of 2H+ with surface 
bound O2− ions produced by the reduction of W6+ to W5+: 
Chapter 6: Gas Sensing Results 
 
 218 
+− ++ HeOW 2262 ↔ OHOW 252 +  6.12 
Forward reaction k1, rate limited by e− and H+ supply 
Reverse reaction k2, rate limited by H2O(vap). 
4. Reversal occurs when H2 gas is purged from the system at elevated temperatures 
with synthetic air, restoring the stoichiometry of the WO3, i.e. W5+ → W6+: 
262252 HOWOHOW
Au +→+  6.13 
Steps (ii) and (iii) occur concurrently and simultaneously. 
 
Figure 6.30 shows cumulative absorbance variation as a function of H2 concentration. It is 
observed that the response trends show saturation for the H2 concentrations above 0.5%. 
Nevertheless, the Au/WO3 films on quartz substrate indicate good repeatability and stability 
by having only small deviation for the repeated H2 cycles. The average standard deviation 
relative to the mean cumulative absorbance change is ±4.7%. 
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Figure 6.45: Cumulative absorbance change as a function of H2 concentration for 
nanostructured Au/WO3 thin films at 200 °C for a wavelength range of 800 – 1000 nm. 
 
 
 
6.3.1.4. WO3 Nanostructures with Controlled Au9 
Nanoclusters 
 
The hydrogen sensing performance of the nanostructured Au/WO3–based sensors S1 and S2 is 
illustrated by Figures 6.31 and 6.32. Due to rather poor response at extremely low (< 100 °C) 
as well as extremely high (> 400 °C) temperatures, the response (R) towards hydrogen     
(0.06 v/v% in air) is shown for temperatures between 100 °C and 400 °C (Figure 6.31). By 
considering a combination of the magnitude of the response (Figure 6.31) by S1 and S2 
sensors to H2 as well as the dynamics of their performance as indicated by response and 
recovery times, τ90% (which can be defined as the time needed to achieve 90% of the 
maximum change) shown Figure 6.32 one could try to define optimal conditions for wider 
testing. We have selected 300 and 350 °C as optimal higher range temperatures for systematic 
testing of S1 and S2 sensors respectively. For example, choice of an alternative lower 
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temperature optimum in terms of response magnitude at around     150 °C would suffer from 
much longer response times.  
 
 
Figure 6.46: Response of S1 and S2 sensors to H2 exposure (0.06 v/v% in air) in the wide 
range of temperatures (100 – 400 °C). 
 
Following selection of the optimized operating temperatures, the S1 and S2 sensors were 
systematically tested towards wider industrially relevant range of hydrogen concentrations 
(balanced in synthetic air). Figure 6.33 shows the dynamic response of the Au/WO3–based 
sensor S1 at the optimized operating temperature of 300 °C. The dynamic response of the 
Au/WO3–based sensor S2 at its optimized operating temperature is given in Figure 6.34. 
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Figure 6.47: Response and recovery time, τ90%, of S1 and S2 sensors towards H2 (0.06 v/v%) 
within wide range of operating temperatures (100 – 400 °C). 
 
It was earlier observed that the highest magnitude of response of S1 sensor to H2 occurred at 
150 °C (Figure 6.31). However, at this operating temperature poor (τ90%) response and 
recovery time of over 500 s was observed (Figure 6.32). Therefore, 350 °C was preferred as 
the optimized sensor operating temperature which benefits from faster response and recovery 
times excellent, very close to complete return of the signal to the baseline level upon 
switching off the H2 flow. A dynamic response of various hydrogen concentrations at the 
optimized operating temperature is shown in Figure 6.33. At this temperature, the Au/WO3–
based sensor S1 showed excellent performance when exposed to hydrogen at six different 
concentrations (0.06, 0.13, 0.25, 0.5, 0.75, and 1%). Specifically, pronounced decrease in 
resistance of up to 90% or more accompanied exposures to H2. 
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Figure 6.48: Dynamic performance of the nanostructured Au/WO3–based sensor S1 towards 
H2 of various concentrations at the optimized operating temperature (300 °C). 
 
 
Figure 6.49: Dynamic performance of the nanostructured Au/WO3–based sensor S2 towards 
H2 of various concentrations at the optimized operating temperature (350 °C). 
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Figure 6.50: Response towards H2 vs. concentration range of 0.06 – 1 v/v% for the S1 and S2 
as well as the RF sputtered WO3 (as comparison) at their respective optimized operating 
temperatures. 
 
Figure 6.34 illustrates dynamic performance of the Au/WO3–based sensor S2 which also 
demonstrates significant responses to hydrogen in the range of tested concentrations. 
Interestingly, the Au/WO3–based sensor S2 has lower starting levels of resistance, which may 
correlate to the fact that this specific sensor material should contain more Au. Yet, Au/WO3–
based sensor S1 demonstrates much greater relative decreases in resistance (cf. S2) indicating 
that in this case “less is more” when it comes to effect of Au loading on observed dynamic 
performance of sensors. 
 
Comparison of the performance of the Au/WO3–based sensors S1 and S2 towards H2 
 
From the results shown in Figures 6.31 - 6.34 and discussed above it is evident that the gold 
particles of controlled play a pivotal role in improving performance of the Au/WO3-based 
sensor towards H2. The experimental data of the sensor response (R) vs. H2 concentrations at 
their respective optimized operating temperatures shows that sensor made using less Au 
demonstrates by far superior relative response (Figure 6.33 cf. Figure 6.34). It is noteworthy 
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that higher loading of the WO3 thin films with Au clusters results in reduced response at 
temperatures above 200 °C and lower levels of the initial resistance, which might contribute 
to inferior performance in comparison to sensors with lower Au loading. At such operating 
temperature (>150 °C) humidity factor can be neglected as water desorption rate was found to 
occur at a faster rate [52]. Importantly, the sensor response of S1 nearly tripled the value 
obtained using S2. On comparing the slope coefficients of the fitting equations, one can see 
that the rate of increase in the S1 response towards hydrogen is approximately 2.5 higher than 
the response of S2. The linear correlation between sensor response and concentration of H2 as 
can be seen from the data shown in Figure 6.35 could be perfectly fitted by the typical 
relationship observed for metal oxide sensors: 
BAR β=  6.14 
 
where R is the response; β is gas concentration; A and B is defined as a constant typical of the 
sensing element and B values are usually 1 or 1/2, respectively [53, 54]. These constants 
could also depend on the charge of the surface species and the stoichiometry of the involved 
reactions [55]. It is nevertheless important to note that the experimentally observed trends 
displayed a linear dependence on H2 concentrations throughout the investigated range. 
 
Reproducibility tests were conducted when additional 2 concentrations of 0.06 and 0.13 % 
were added after exposures towards systematically increasing concentrations of H2. Short 
term reproducibility was shown for both sensors S1 and S2 as can be seen at the right hand 
side (last two exposures) in Figures 6.33 and 6.34. Overall, it was found that the sensors 
produce reproducible responses of the very similar signal magnitude and with superb stability 
of the baseline. 
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Influence of Au nanoparticles 
 
The possible sensing mechanism which is often suggested for metal oxide sensor surfaces and 
hydrogen molecules could be related to several redox reactions between hydrogen and a range 
of oxygen species widely reported in literature [56-58]. It was earlier suggested that oxygen 
molecules adsorb onto the surface of the WO3 films to form O2−, O−, and O2− species 
depending on temperature [38]. In relation to this study the role of gold in enhancing the 
response and sensitivity of sensor could be attributed to the chemical interaction between the 
H2 gas and Au cluster sensitizer. It is known that ultra-small Au clusters (sub-2 nm) can 
activate H2 or even dissociate H2 into H atoms [59, 60] as evidenced by catalytic activity of 
such systems in hydrogenation reactions. Such catalytically activated hydrogen species are 
likely to react with various oxygen species present at the surface of the support (WO3 thin 
films). Many reports were made on the Au nanoparticles combined with ZnO [61-64] as well 
as employing nanoparticles of other noble metals onto WO3 films [65]. In this report, we have 
shown that lower amounts of Au nanoclusters immobilised onto the WO3 thin films result in 
superior sensor response. Very recently, Kukkola et al. [65] employed other noble metals, 
such as Ag, Pt, and Pd and found that ability to control the amount of metal particles 
deposited could lead to significantly improved sensor response. Importantly, to our best 
knowledge there were no previous reports in literature concerning the effect the amounts 
(metal loading) of the Au nanoclusters supported on the WO3 thin films on the performance 
of such systems as sensors. Our follow-up study will reveal further details of the relationship 
between fabrication of the model sensor materials, their morphology and sensor performance 
with an aim to benefit from the reported here “less is more” effect 
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6.3.1.5. WO3 Nanorods: PLD 
 
Fabricated sensors were placed into a measuring chamber and exposed towards H2 with 
various concentrations. Once completed, the sensors were tested towards ethanol with 
multiple concentrations. The target gas/vapour utilized was certified H2 (1.03 % H2) and 
ethanol (500 ppm) in a balance of synthetic air, which was diluted with synthetic air via a 
computerized mass flow controller to maintain a constant flow rate of 200 sccm throughout 
testing. The dynamic performances of the sensor at their respective optimized operating 
temperatures are presented in the Figures 6.36 (for H2) and 6.37 (for ethanol). The optimized 
sensor operating temperatures were 170 and 400 °C for H2 and ethanol, respectively. It was 
found that the sensor resistivity decreases upon exposure to both H2 and ethanol. The results 
suggest that the WO3 based films is n-type, which is in good agreement with other tungsten 
oxide gas sensors. Redox reactions and surface interactions for both analytes (H2 and ethanol) 
with n-type materials have been previously described in detail by Xiang et al. [66], Kwak and 
Yong [67], and Chen et al. [38]. 
 
 
Figure 6.51: (a) Dynamic response of the WO3 based sensor towards H2 of various 
concentrations (b) measured sensor response (R). 
 
The sensor responses (R) of the prepared sensor at their optimized operating temperatures are 
presented in the Figures 6.36b and 6.37b. The sensor response toward H2 and ethanol was 
(a) (b) 
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calculated according to the equation 6.1. The measured sensor response towards the lowest 
concentration of ethanol (12.5 ppm) and H2 (0.05 %) are 1.5 and 1.2, respectively. 
 
The response time τres and τrec as given earlier is measured to be 28 and 64 s, respectively 
towards 0.05% H2 at the optimized operating temperature in a balance of synthetic air. 
Similarly, τres and τrec for ethanol concentrations of 12.5 ppm were 16 and 24 s, respectively. 
These results clearly show that the fabricated nanostructured WO3 thin film based sensor is 
suitable for the detection of H2 and ethanol in low concentrations at different operating 
temperatures. The sensor is also suitable for the detection of a wide range of H2 and ethanol 
concentrations. 
 
 
Figure 6.52: (a) Dynamic response of the WO3 based sensor towards C2H5OH of various 
concentrations (b) measured sensor response (R). 
 
The H2 and ethanol sensitive WO3 nanorods based films were successfully deposited onto a 
pre-patterned IDT on quartz substrate via pulsed laser deposition with 193 nm ArF excimer 
laser. The measured sizes of the nanorods deposited on both quartz substrate and Au IDTs 
were found to be approximately ~ 50 nm in diameter. The developed sensors were tested 
towards H2 and ethanol balanced in synthetic air at the temperature range of room to 400 °C. 
Overall, the developed WO3 film based sensors showed good performance towards H2 and 
ethanol at 170 and 400 °C, respectively. The sensors were observed to be more sensitive, to 
have faster response and good short term repeatability, and to have stable baseline towards 
(b) (a) 
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ethanol vapour compared to H2. The excellent sensing characteristics of WO3 films towards 
ethanol and H2 at low concentrations offer great potential for low cost and stable gas sensing. 
 
6.3.1.6. WO3 Nanorods: RF Sputtering with GLAD  
 
WO3 based sensor towards C2H5OH 
 
To identify the optimal operating temperature for C2H5OH sensing, all sensors were exposed 
towards 200 ppm of C2H5OH at temperature ranging from 100 to 400 °C and the obtained 
responses are illustrated in Figure 6.38a. It is observed that the response of all developed 
sensors exhibit similar temperature dependence and the highest responses for all three sensors 
occur at the optimized temperature of 300 °C. The observed low response at lower and higher 
temperatures (< 200 °C and > 400 °C) are due primarily to the physisorption (at low 
temperature) and the chemical desorption (at high temperature) of C2H5OH molecules at the 
sensor surface. Next, concentration (seven concentrations ranging from 10 to 200 ppm with 
twice exposure) and short term repeatability tests (2 concentrations: 10 and 25 ppm) were 
performed at the optimized operating temperature. The resulting responses are demonstrated 
in Figure 6.38b. It is seen that the sensor response is linear with the ethanol concentrations 
within the range of 10 – 200 ppm. From the linear equation, the response of the sample W1, 
W2 and W3 are estimated to be 0.038, 0.034 and 0.018 ppm-1, respectively. It is also notices 
that the response of WO3 nanorods thin films based sensors tend to increase with decreasing 
film thickness. This may be attributed to the reduced diameter and grain size of the thinner 
WO3 nanorod film. Moreover, the sensors showed good short-term repeatability with stable 
baseline characteristics. Response of the developed WO3 based sensors towards C2H5OH is 
highly repeatable (shown in Figure 6.38b) in which C2 duplicates C1 with very small 
difference between the two measured responses. 
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Figure 6.53: (a) Response of developed W1, W2, and W3 sensors with increasing operating 
temperature towards C2H5OH (200 ppm), (b) response of sensors W1, W2, and W3 towards 
C2H5OH concentrations for 2 exposures and the respective calibrations curves (exposure 1 
and 2 represent C1 and C2, respectively). 
 
WO3 based sensor towards NO2 
 
The optimal operating temperature for NO2 sensing is determined by varying the temperature 
from 100 to 400 °C at 5 ppm NO2 concentration as shown in Figure 6.39. It is evident that the 
sensor response is maximized at 150 °C and rapidly decreases at higher and lower 
temperature. In addition, the thickest sensing film (W3) exhibits an excellent sensor response 
with the highest value of ~760, which is more than an order of magnitude higher than the 
value of the thinnest film (W1). The sensors were then tested repeatedly with additional 3 
times of exposures towards NO2 at their optimized operating temperatures. In contrast to the 
results towards C2H5OH, the NO2 response of each sample at every concentration decreases 
after each consecutive exposure cycle (C1, C2, and C3) as demonstrated in Figure 6.40. Such 
response behaviour is believed to be the poisoning effect due to very thick depletion region 
created by NO2 adsorption. The sensor original resistance value may be recovered by 
subsequent exposure to an oxygen filled ambient [68]. It should be noted that the 
concentration dependence of the response towards NO2 for all sensors follows power-law 
(a) (b) 
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behaviour throughout the investigated range and saturation in response due to filled surface 
coverage is observed at concentrations higher than 6 ppm. 
 
 
Figure 6.54: Sensor response (in log scale) of the developed W1, W2, and W3 sensors with 
increasing operating temperature towards NO2 (5 ppm). 
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Figure 6.55: Nanostructured WO3 based sensor of (a) W1, (b) W2, and (c) W3 response (in 
log scale) towards NO2 for 3 consecutive exposures (exposure 1, 2, and 3 represents C1, C2, 
and C3, respectively). Their dynamic response plots are provided in the inset which shows 
their term repeatability test. 
 
(a) 
(b) 
(c) 
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Figure 6.56: Sensitivity curve of the developed WO3 based sensor towards (a) C2H5OH at 
300 °C and (b) NO2 at 150 °C. Inset in Figure 6.41b is the enlarge curve of (S) vs. NO2 
concentration for sensor W3. 
 
It is well known that when metal oxide is exposed to air, oxygen molecules adsorb onto the 
surface of materials to form O−, O2−, and O2− ions by capturing electrons from the conduction 
band [38, 69-73]. As a result, electron depleted region is induced under the surface of the 
WO3 nanostructure raising the sensor resistance [39]. As the sensor were exposed to reductive 
analytes at an elevated operating temperature, chemical reactions between the adsorbed 
surface oxygen species and the target molecules will release electrons back into the 
conduction band. Hence, the width of surface depletion region is reduced and the sensor 
resistance decreases. Once the electron transfer is complete, the sensor response is stabilized, 
which can be observed by the saturation of resistance. After reaching the saturation points, the 
sensors will be exposed towards synthetic air in order to return to baseline values. In the case 
of ethanol as an example, the reducing reaction between C2H5OH and O– produces an 
electron, a water molecule (H2O) and an intermediate species (CH3CHO) [38, 42, 74, 75]. 
 
In the case of reaction towards NO2 (electron acceptor), NO2 molecules will react with the 
ionic oxygen species and further extract electrons from WO3 surface, causing the increase in 
the depletion region thickness and barrier height. As a result, the increase of resistance can be 
seen during the reaction (insets in Figure 6.40a – c). Once the sensors are re-exposed to 
synthetic air, the electrons will be return to the WO3 surfaces, resulting in the restoration of 
(a) (b) 
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sensor resistance to its initial value. The response time (τres) and recovery time (τrec) taken to 
reach equilibrium when exposed towards 5 ppm of NO2 for sensors all WO3 based sensors 
are found to be less than 20 and 36 s, respectively. 
 
It is observed that the response behaviour is rather linear at low concentrations of C2H5OH 
and NO2, but tends to saturate at high gas concentration. The response curve can be well 
fitted with the well-known power law. Sensitivity curves given in Figure 6.41a and b shows 
that the behaviour of the developed nanostructured WO3 based gas sensors conforms to the 
Langmuir isotherm as the surface coverage of adsorbed molecules becomes saturated. 
 
The high sensor response may be attributed to porosity and very small grain size of the 
nanorod structures, which provides a high surface-to-volume ratio. The unique nanostructural 
features may enhance gas molecules interactions leading to an increase of depleted space 
charge region [76]. From the test results, it is interesting that the thickest WO3 nanorod 
sensing film (W3) exhibits the highest response towards the NO2 oxidizing gas while the 
thinnest WO3 nanorod sensing film (W1) is still reasonably sensitive to NO2 but the most 
sensitive to the C2H5OH reducing gas. The sensitivities towards C2H5OH of W1, W2, and 
W3 based sensors at their optimized operating temperature are found to be 0.14, 0.21 and 0.22, 
respectively. On the oxidizing environment test, sensitivities of these sensors are 311, 62, and 
7 for W1, W2, and W3 respectively. This paradox may be explained based on the relative 
change of depleted space charge region in nanorod. For the case of thicker WO3 nanorod film, 
the diameter of WO3 nanorod is also larger and the initial depletion layer thickness (induced 
by O-) will be relatively small compared to the nanorod size. Thus, additional depletion 
region induced under oxidizing gas exposure can extend deeper into the large nanorod than 
the smaller one, causing larger increase of sensor resistance. On the other hand, the initial 
depletion layer will largely cover the smaller nanorod at the beginning and the reduction of 
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depletion layer thickness due to reducing gas reaction will be relative large compared to 
nanorod size, causing relatively larger resistance decrease compared to the bigger nanorod. 
 
6.3.4. MoO3 Based Sensors 
 
A fabricated MoO3 nanoplates based sensor was exposed to ethanol vapour at a temperature 
range of 300 – 400 °C. Patterned IDTs of chromium and gold were fabricated employing an 
electron beam evaporation technique with thicknesses of 50 and 150 nm, respectively. The 
chromium layer was added to improve the adhesion of gold film to the substrate. Following 
the MoO3 nanoplates films fabrication onto the pre-patterned IDT transducer, fine gold wires 
were attached to the sensor pads with silver epoxy and left to dry. Once dried, the sensor was 
mounted into a custom-made gas chamber connected to a computer controlled data 
acquisition system and mass flow controllers (MFC). The sensor was subsequently exposed to 
different concentrations of ethanol in synthetic air with varying operating temperatures. 
Figure 6.42 shows the normalized resistance of the sensor, R/R0, when exposed to ethanol 
concentration of 12.5 ppm at operating temperatures from 340 to 380 °C. R0 is the resistance 
of the sensor in the presence of only synthetic air. It is observed that the optimized sensor 
operating temperature for ethanol sensing employing this method of film deposition is at   
360 °C. Figure 6.42 shows the sensor response (R) as well as the response time (τres) and 
recovery time (τrec) measured at an operating temperature range of 340 to 380 °C. The 
Sensitivity is calculated as (R0-Rg)/ R0 × 100. Rg is the resistance of the sensor in the presence 
of synthetic air and analyte gas. Response time (τres) is the time required for the variation in 
conductance of a sensor to reach 90% of the equilibrium value after injection of a test gas, and 
the recovery time (τrec) is the time necessary for the sensor to return to 10% above the original 
conductance in air after releasing the test gas. 
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Figure 6.57: The normalized resistance of the sensor when exposed to ethanol vapour of   
12.5 ppm. 
 
At the optimized temperature, the sensor was exposed to ethanol concentrations of 12.5, 31.25, 
62.5, 187.5, 250, 375 and 500 ppm. Figure 6.44 shows the dynamic response of the MoO3 
based sensor to low ethanol concentrations. At 12.5 ppm, our MoO3 nanoplates based sensor 
showed more than 25% of Sensitivity towards ethanol vapour and an increase to more than 
75% of Sensitivity was measured at 500 ppm. The τres and τrec were found to be 24 s and 100 
s, respectively. 
 
 
Figure 6.58: Tabulated data of sensor response (R) as well as response time (τres) and 
recovery time (τrec). 
 
The MoO3 thin films showed good response when exposed towards low concentrations of 
ethanol vapour at an optimized sensor operating temperature of 360 °C. The results indicate 
(c) 
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that the MoO3 nanoplates based sensor fabricated via PLD technique responded well to 
ethanol vapour of a very low concentration. Overall, the response of the sensor to ethanol 
vapour was fast, repeatable and stable. 
 
Figure 6.59: Dynamic response of nanoplatelets MoO3 based sensor towards low ethanol 
concentrations (12.5, 31.25, 62.5, 187.5, 250, 375 and 500 ppm) at an optimized working 
temperature of 360 °C. 
 
6.3.5. Nanostructured Cu2O and CuO Based Sensors 
 
The developed CuO and Cu2O based sensors were mounted in a gas chamber set-up for 
exposure towards ethanol vapour. The sensors were initially exposed towards synthetic air of 
200 sccm until it reached saturation level. One this stabilizes, an exposure of 12.5 ppm 
ethanol concentration (lowest concentration in this experiment) together with synthetic air 
was purged into the chamber for 60 s. These steps were repeated for every temperature 
increment of 40 °C starting from room temperature to 350 °C. Figure 6.45 illustrates the 
response of both the CuO and Cu2O based sensor when exposed towards ethanol at increasing 
operating temperature. Figure 6.45 was tabulated as one of the ways to identify the optimum 
operating temperature of each sensor. It can be seen that the response of the CuO and Cu2O 
based sensor towards ethanol increased with the increasing working temperature. The highest 
sensitivity of ~2.2 (CuO based sensor) and ~1.2 (Cu2O based sensor) was measured at 
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working temperature of 180 and 260 °C, respectively. The sensitivity decreased as the 
working temperature was further increased. At an optimized operating temperature, the CuO 
based sensor achieved a response which almost doubled the response of the Cu2O based 
sensor. The respective τres and τrec of the CuO based sensor towards ethanol of 25 ppm is 31, 
52 s while the Cu2O based sensor is 36, 76 s. As a result, the optimum operating temperature 
the author concluded that the optimized operating temperature is 180 and 260 °C for CuO and 
Cu2O based sensors, respectively. At these temperatures, a range of ethanol vapour 
concentration of 25 to 500 ppm was exposed towards the sensor for their dynamic response 
given by their respective operating temperatures (Figure 6.46 and 6.47). It is observed that 
upon exposure towards ethanol (reducing analyte) the sensors showed an opposite behaviour 
if compared to the n-type based sensors such as ZnO and WO3 [77]. This confirms that the 
fabricated CuO and Cu2O based sensors are of the typical p-type metal oxide semiconducting 
material. Both sensors have shown good sensitivity, repeatability and reversibility when 
exposed towards ethanol vapour. The response vs. concentration curve for both of the sensors 
is shown in Figure 6.48.  
 
According to the band structure proposed by Wang et al. [78], electrons were trapped when 
oxygen ion species (O−, O2−, and O2−) and forms an energy band that bends upwards towards 
the surface. Such phenomenon induces the accumulation layer of majority carriers of holes (p-
type semiconductor). This can be seen in the following equation: 
 
O2(gas) ↔ O2- + VacancyCu2+ + 2hole 6.15 
 
During the exposure towards ethanol vapour, the adsorbed oxygen ion species on the surface 
of the CuO and Cu2O metal oxides reacted with the ethanol molecules which lead to the 
release of the trapped electrons. This reaction also neutralizes the hole created in the p-type 
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CuO and Cu2O. The increase of resistance caused by the decreased numbers of holes can be 
observed in Figure 6.46 and 6.47 every time the sensors were expose towards ethanol. 
 
 
Figure 6.60: Response curve of the CuO and Cu2O based sensors towards ethanol (25 ppm) 
at increasing operating temperature. 
 
 
Figure 6.61: Dynamic response of CuO based sensor towards ethanol at optimized operating 
temperature of 180 °C. 
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Figure 6.62: Dynamic response of Cu2O based sensor towards ethanol at optimized operating 
temperature of 260 °C. 
 
In this case, when the sensors are left exposed to air, this results in O2 adsorption on the CuO 
and Cu2O surface, which traps electrons from the conduction band of CuO and Cu2O because 
of the strong electronegativity of the oxygen atom and thus induces adsorption of oxygen 
O2n−(ads). Therefore, the concentration of electrons in the conduction band decreases, and the 
resistance of the material increases. When a reductive vapour such as ethanol is introduced, a 
chemical reaction takes place between ethanol and O2n−(ads), which results in a relatively 
strong activation on the surface of the CuO and Cu2O sensor. 
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Figure 6.63: Response vs. ethanol concentration of the developed CuO and Cu2O based 
sensors at their optimized temperature. 
Table 6.5. Sensing properties of CuO based sensors toward ethanol vapour 
 
Fabrication 
technique 
 
Optimized 
temperature 
(°C) 
 
Concentration 
(ppm) 
 
Sensor 
response (R) 
 
Ref. 
thermal 
evaporation 200 100 < 1 [79] 
thermal oxidation 500 1300 0.6 [80] 
RF sputtered 300 1000 < 1.3 [81] 
thermal oxidation 240 1000 1.5 [82] 
hydrothermal 400 100 < 1.5 [83] 
CVD 200 10 2.4 [84] 
hydrothermal 210 20 < 2 [85] 
RF sputtered 180 12.5 ~2.2 present result 
 
 
The optimized operating temperature, vapour concentration, and sensor response for the 
various techniques of CuO nanostructures sensors are exposed towards ethanol vapour are 
currently available in pertinent literatures, as shown in Table 6.4. In the present data, CuO 
based sensor was optimized and have the lowest working temperature compared to the other 
sensors. The CuO based sensor fabricated by Barecca et al. [84] have obtained a relatively 
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high sensitivity for 10 ppm towards ethanol vapour but the working temperature was 200 °C, 
which is higher that our fabricated CuO based sensor. 
 
Table 6.6. Sensing properties of Cu2O based sensors toward ethanol vapour 
 
Fabrication 
method 
 
Optimized 
temperature 
(°C) 
 
Concentration 
(ppm) 
 
Sensor 
response (R) 
 
Ref. 
hydrothermal 210 20 < 1.1 [86] 
CVD 200 10 < 3.1 [84] 
solvothermal 320 100 < 1.5 [87] 
hydrothermal 160 15 < 3.0 [88] 
solvothermal NA 10 1.9 [89] 
RF sputtered 220 12.5 ~1.2 present result 
 
As for the Cu2O based sensor towards ethanol vapour in Table 6.5, the developed sensor only 
obtained the highest response of ~1.2 at the optimized sensor’s operating temperature 
(260 °C). Compared to the other fabricated Cu2O based sensors, the developed sensor has a 
sensing performance especially with the one created by Liu et al. [88]. 
 
Overall, from results of our developed nanostructured CuO and Cu2O based sensors, it is best 
to state that the CuO based sensor has better sensing response than the Cu2O based sensor 
when exposed towards ethanol vapour. 
 
It is well agreed upon that the potential for metal oxide based nanostructured films still 
remains in the early stages. To fulfil this potential will require greater control of the thin films 
properties such as its nucleation and growth phenomena. Further and extensive studies must 
be conducted to understand the principles governing these unique morphologies. Therefore, in 
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order to have a good control of the 3S quality as mentioned before, systematic studies of 
fundamental mechanisms controlling nucleation and growth on existing crystals formations 
for a better sensing results and performance proves yet another challenge. 
 
6.4. Conclusions 
 
This chapter presented the experimental set-up utilized and outcomes of the measurements 
obtained for the gas sensors testing by the author at RMIT University, Australia. Two main 
types of sensors were investigated: (1) nanostructured metal oxide based conductometric gas 
sensors and (2) nanostructured metal oxide based optical gas sensors. The electrical and gas 
sensing properties of these devices were characterised and studied in detail. Table 6.5 
summarises the gas sensing measurements for the sensors that have been investigated in this 
research. 
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Nanostructured Metal-Oxide Based Conductometric Gas Sensors 
 
Table 6.7. Summary of the experimental gas sensing results for the developed nanostructured 
based sensors towards C2H5OH. 
 
Sensitive layer Optimized operating temperature (°C) 
Sensor 
response 
(R) 
τ res (s) τ rec (s) 
ZnO NWs (SILAR) 300 0.41 52 300 
ZnO NRs (TD**) 280 2.3 16 120 
ZnO Npy (solvothermal) 260 2 8 48 
WO3 nanoplatelets (HNO3) 340 8 8 72 
WO3 nanoplatelets (H2SO4) 340 5.8 8 40 
WO3 nanoporous (H3PO4) 340 5 8 40 
WO3 nanocrystalline 340 1.2 24 52 
WO3 nanorods (PLD) 400 3.9 24 100 
 WO3 nanorods (RF 
sputtered) 300 20 48 64 
MoO3 (PLD) 400 12.5 16 24 
Cu2O 220 25 31 52 
CuO 260 25 36 76 
** TD represents thermal decomposition 
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Table 6.8. Summary of the experimental gas sensing results for the developed nanostructured 
based sensors towards NO2. 
 
Sensitive layer 
Optimized 
operating 
temperature (°C) 
Sensor 
response (R) τ res (s) τ rec (s) 
ZnO Npy (solvothermal) 200 2 60 60 
ZnO nanoflowers (F3) 200 75 18 36 
ZnO nanosheets (F5) 200 20 30 64 
In2O3 nanoparticles 150 23 24 12 
WO3 nanorods (RF 
sputtered) 150 10 20 36 
Table 6.9. Summary of the experimental gas sensing results for the developed nanostructured 
based sensors towards H2. 
 
Sensitive layer Optimized operating temperature (°C) 
Sensor 
response 
(R) 
τ res (s) τ rec (s) 
Au/WO3 (Au – 0.1 mgmL-1) 300 4.6 30 300 
Au/WO3 (Au – 0.01 mgmL-1) 350 2.3 30 100 
WO3 (Anodized – HNO3) 120 1 %/14.9 48 64 
WO3 (Anodized – H2SO4) 120 1%/8.1 36 56 
WO3 (PLD) 170 1.2 28 64 
 
Chapter 6: Gas Sensing Results 
 
 245 
Nanostructured Metal-Oxide Based Optical Gas Sensors 
Table 6.10. Summary of the experimental gas sensing results for the developed 
nanostructured based sensors towards H2. 
 
Sensitive layer 
Optimized 
operating 
temperature (°C) 
Sensor 
response 
(R) 
τ res (s) τ rec (s) 
Au/WO3 200 1 %/0.11 180 300 
Pd/WO3 100 1%/1.2 60 90 
 
It is the author’s opinion that the nanostructured CuO based sensor is the best candidate for 
C2H5OH sensing applications compared to the other nanostructured metal oxide based 
conductometric sensors investigated throughout this research program. The best sensor 
towards NO2 and H2 is based on the In2O3 nanoparticles and WO3 nanorods (deposited via 
PLD), respectively. One important aspect to this opinion is the simplicity of fabricating these 
sensors. Other metal oxide based sensors in this research program needed several other steps 
prior testing (e.g. chemical etching and annealing) as well as the use of catalysts. The CuO 
based sensors were highly responsive towards C2H5OH at relatively low operating 
temperature (180 °C) which means that it consumed power was less for the other 
nanostructured metal oxide based sensors developed by the author. Macdonald [90] has 
recognized this material to be the most mysterious superconducting compounds due to its 
negligible resistance towards electrical current at temperatures up to 160 K. The CuO based 
sensor also showed fast response and recovery, as well as good repeatability. In addition to 
this, it is expected that the conductivity areas are due to the existence of cation-deficiency via 
copper and/or oxygen vacancy in the CuxO films [91, 92]. Cation-deficiency such as oxygen 
vacancies play an important role as adsorption sites for gaseous species and highly enhanced 
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gas sensitivity [93, 94]. This is another possibility for the enhancement of the CuO sensitivity 
in comparison to the 1D ZnO NWs as well as the Cu2O based sensors. 
 
Although, the WO3 nanorods based sensors also showed high sensitivity towards C2H5OH 
but the operational temperature was 300 °C and as a result the power consumption was higher 
than the CuO based sensor. In addition, poor baseline stability was observed for the WO3 
nanorods based sensors. 
 
It is also evident that surface-to-volume ratio plays significant role towards the enhancement 
of these developed gas sensors. The 3S criteria mentioned previously were also met as these 
nanostructured materials were employed. Furthermore, the author strongly have shown that 
nanostructured based metal oxide materials exhibits higher response if compared to thick 
films based gas/vapour sensors.  
 
In regards to the developed H2 sensor based on optical transducing platform employing 
Au/WO3 as sensing layer, the results, namely dynamic performance, operational temperature 
(100 °C), and repeatability were very encouraging. However, a need to using 
spectrophotometer is still relatively expensive compared to conductometric transducing 
platform.  
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Conclusions and Future Work  
 
 
This PhD thesis presented a comprehensive investigation of novel nanostructured thin film 
conductometric and optical based gas sensors for agricultural applications. Nanostructured 
semiconducting metal-oxide sensors were developed using both conductometric and optical 
based transducing platforms. The developed sensors were investigated for their sensing 
performance towards different gases (C2H5OH, H2 and NO2) at elevated temperatures. 
Monitoring these gases is highly sought as they are important in the agricultural industries and 
cause environmental pollution. This work investigated the gas sensing potential of such 
devices as well as explained and analysed gas sensing mechanisms of the developed sensors. 
Based on the results, the electrical properties, gas sensing performance and gas sensing 
mechanism of the developed sensors were presented and analysed in detail. 
 
The results presented in this thesis can be summarised as follows: 
 
• Successful synthesis and development of novel nanostructured semiconducting 
metal-oxides thin films consisting of: ZnO nanowires, ZnO nanorods, ZnO 
nanostructures from the manipulation of chemical solution (nanopyramids, 
nanoplates, nanoflowers, and nanoparticles), In2O3 nanoparticles, WO3 
nanoplatelets, nanoporous, nanorods, nanocolumnars, MoO3 nanoplatelets, 
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MoO3 nanoplatelets-nanowires, Cu2O and CuO nanograins on conductometric 
substrates. In addition, nanostructured Au-WO3 and Pd-WO3 thin films were 
also deposited onto blank quartz substrates for optical gas sensing 
measurements. 
•  The devices were successfully developed and fabricated. To the best of the 
author’s knowledge, most of the devices and structures are reported here for the 
first time. 
•  Structural and material characterisation of the nanostructured films were 
successfully performed using scanning electron microscopy (SEM), 
transmission electron microscopy (TEM), X-ray diffraction (XRD), energy 
dispersive X-ray (EDX), X-ray photoelectron spectroscopy (XPS), UV-Vis 
spectrophotometer, and atomic force microscopy (AFM) techniques. 
•  The results of fabricated sensors such as the static and dynamic performance 
were compared and analysed.  
 
7.1. Conclusions 
 
Nanostructured Metal Oxide Based Conductometric Gas Sensors 
 
• To the best of the author’s knowledge, for the first time 1D ZnO nanorods were 
grown on a FCVA deposited seed layer. Also the following nanostructured 
films were fabricated for the first time. These developed devices were 
successfully fabricated for gas sensing applications. The highest sensitivity was 
observed at     280 °C for C2H5OH with response time of 16 s and recovery 
time of 120 s. 
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• Solvothermally synsthesized ZnO nanopyramids based sensors were fabricated 
and exposed towards C2H5OH and NO2 for the first time. The highest sensor 
response was observed at 260 °C for C2H5OH and 200 °C for NO2 gas with the 
response time of 8 s and 48 s and recovery time of 48 and 60 s for C2H5OH and 
NO2, respectively.  
•  WO3 nanoplatelets and nanoporous synthesized via acid etching method, WO3 
thin films with controlled amount of Au nanoclusters, WO3 thin films with two 
different coverage densities of Au nanoclusters, WO3 nanorods deposited via 
ArF excimer laser, WO3 fabricated via GLAD technique in RF sputtering, RF 
sputtered Cu2O and CuO nanograins for gas sensing applications. 
• The gas sensing performances were investigated by measuring electrical 
resistance between sensor electrodes in the presence and absence of target 
vapour/gases (C2H5OH, H2 and NO2 balanced in synthetic air) at different 
selected temperatures ranging between 25 and 500 °C. In an environment of 
room temperature and ambient air, the measured characteristics of the 
nanostructured metal-oxide based conductometric sensors exhibited a 
significantly higher resistance compared to conventional thick film metal-oxide 
conductometric sensors.  
• The sensor response (a change in resistance at optimized operating 
temperature) of these sensors was studied as a function of different 
concentrations of C2H5OH (up to 500 ppm balanced in synthetic air), H2 (up to 
1% balanced in synthetic air), and NO2 (up to 10 ppm in synthetic air) gas. 
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Nanostructured Metal Oxide Based Optical Gas Sensors 
 
• For the Au/WO3 based optical sensor, lower amount of Au9 nanoclusters 
deposited onto the thin films was found to be more sensitive compared to the one 
with higher Au concentrations. A theoretical explanation was discussed and gas 
sensing performance of developed device was investigated for the first time.  
• Electrical characterisation of Au/WO3 nanostructured based sensor revealed that 
the deposited Au metal as catalytic layers at lower density (2.2 × 1010 cm-2) 
showed gasochromic response towards H2. 
Throughout this PhD research, the investigation of nanostructured of metal oxide based 
sensors towards H2, NOx, and C2H5OH were employed. The author has employed many 
types of nanostructured based metal oxide materials such as ZnO, WO3, In2O3, MoO3, CuO 
and Cu2O. The sensors which were developed based on these nanostructured materials were 
exposed towards the gases/vapour at operating temperatures ranging from room to 500 °C. It 
was observed that during this undertaking, good results as well as unsatisfactory results were 
obtained and analysed. Surface-to-volume ratio has significantly played a role towards the 
success of these metal oxide based sensors other than other factors such as the geometric 
features of the nanostructures.  
 
It is the author’s opinion that the nanostructured CuO based sensor is the best candidate for 
C2H5OH sensing applications compared to the other nanostructured metal oxide based 
conductometric sensors investigated throughout this research program. The best sensor 
towards NO2 and H2 is based on the In2O3 nanoparticles and WO3 nanorods (deposited via 
PLD), respectively. One important aspect to this opinion is the simplicity of fabricating these 
sensors. Other metal oxide based sensors in this research program needed several other steps 
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prior testing (e.g. chemical etching and annealing) as well as catalysts. For instance, these 
CuO based sensors were highly responsive towards C2H5OH at relatively low operating 
temperature (180 °C) which means that it consumed less power than the other nanostructured 
metal oxide based sensor (> 250 °C). The CuO based sensor also showed fast response and 
recovery, as well as good repeatability. Although, the WO3 nanorods based sensors also 
showed high sensitivity towards C2H5OH but the operattional temperature was 300 °C and as 
a result the power consumption was higher than the CuO based sensor. In addition, poor 
baseline stability was observed for the WO3 nanorods based sensors. 
 
Regarding the developed by author H2 sensor employing optical transducing platform and 
Au/WO3 sensing layer, the results, namely .dynamic performance, operational temperature 
(100 °C), and repeatabilty were very encouraging. However, there is a need to use 
spectrophotometer which is relatively expensive when compared to conductometric 
transducing platform. 
 
7.2. Future Work 
 
This PhD research has presented some major advancement in the field of nanostructured thin 
film conductometric and optical based devices for gas sensing applications. Throughout the 
course of this research, several areas of interest, which have tremendous research potential, 
have been identified. The future recommendations to researchers whom seek to follow with 
these investigations are as follows: 
 
• This work can be extended into investigating the enhancement of the performance 
for the developed sensors. Within this research, the results showed an 
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enhancement in the sensor response due to higher surface-to-volume ratio, such as 
the sharp edges and corners in the nanostructures’ morphologies.  
• Surface modifications of the gas sensing layers (nanostructured materials) using 
smaller dimensions of catalytic metal (e.g., as Pd and Au) can improve gas 
sensitivity of the nanostructured metal oxide based conductometric and optical 
sensors. These smaller dimensions of catalytic metals can enhance the target gas 
dissociation onto the gas sensitive layer. 
• Application of different metal IDTs, such as Pt and Pd, can alter the sensor 
sensitivity and shall be investigated for comparison. 
• Optimisation of these nanostructured metal oxides especially aimed at long term 
stability was not possible in the time frame of this work. Such research should be 
pursued to assist in establishing the durability of these sensors. 
• The sensors based on WO3/Au nanoclusters of different concentration exhibited 
high sensitivity towards hydrogen. This result is attributed to the small Au 
nanoclusters distributed over the surface of the sensing layers. The sensing 
performance of these devices can be improved by further applying other types of 
Au nanoclusters. 
 
There are still many considerations that may further enhance the performance of the studied 
sensors, some of which should be addressed in the industry for its production use and 
requirements. The area of controlling growth of nanostructures should also be given high 
priority as well as intense focus as this will provide a significant boost in understanding the 
evolution of one crystal structure. Moreover, myriads of other possibilities can be explored as 
the gas sensing technology can be extended into an area which need specific needs such as in 
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the case of MARDI. In this research centre, gases and vapours are encountered from many 
angles of aspects trough many possibilities. This includes those generated from machineries, 
decomposition of agro-waste materials, plants, bacteria, and many more. So far, the author 
believes that this research needs further extension to look deeper into the issue faced by the 
end users. These issues consist of humidity high factors, environmental factors, and many 
more.  
 
More research and development is also required to address the selectivity, stability and 
repeatability of the developed sensors addressed in this work. If the nanostructured materials 
based conductometric and optical sensors presented in this thesis are further optimised, then 
their gas sensing capabilities will be improved, which will make them highly suitable for 
commercialisation.  
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